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HOBSON CONSTANT SPEED ALTERNATOR DRIVES 
are now specified for the 


D.H. TRIDENT JET AIRLINER 


In this aircraft, described as the ultimate in subsonic 
speed combined with the best possible operating economy, 

the entire electrical generating capacity is dependent 

upon its constant speed drives, so that reliability and a long life 


As Specialists in between overhauls are of vital importance. Designed specifically 
precision engineering, we for civil aircraft duties, HOBSON Constant Speed Alternator 
invite your enquiries concerning - Drives achieve these essential qualities by their novel construction 
projec:s to which our permitting the use of a transmission oil pressure of only 
comprehensive engineering 500 p.s.i. In addition, a unique pump off-loading system reduces the 
facilities can usefully pump transmission pressure to 50 p.s.i. when the aircraft is cruising. 
be applied The ingenuity and reliability inherent in this design also 


characterise the following additional HOBSON equipment now 
specified for the same aircraft:— FUEL BOOSTER PUMPS 

FUEL FLOW PROPORTIONERS — TRAILING EDGE FLAP 

OPERATING SYSTEMS — LEADING EDGE DROOP OPERATING SYSTEMS 
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NOTICES 


CHRISTMAS 
The President and Council wish all members, at home 
and overseas, a happy and peaceful Christmas. 
The Offices and Library will be closed from Friday after- 
noon 23rd December, until 9 a.m. on 28th December. 


ELECTION OF FELLOWS 

The Council have pleasure in publishing the first list of 
Elections to Fellowship under the new By-Law 2(D). 

JoHN ALLAN, Chief Designer, Handley Page (Reading). 

Eric Cutts BEARD, Captain, Royal Navy. Director of 
RN. Aircraft and Helicopters, Ministry of Aviation. 

DoNALD LAMBERT Brown, Administration Executive and 
Deputy to the Director of Research and Engineering, Smiths 
Aircraft Instruments Ltd., Cheltenham. 

THOMAS WALTER FALCONER BrROowN, Director, Pametrada 
Research Station, Wallsend. 

BuRGEss, Manager—Commercial Engine Operation, 
General Electric Co., Flight Propulsion Division. 

ROBERT REGINALD Dexter, Secretary, Institute of 
Aerospace Sciences, New York City. 

Percy JOHN DuNCcTON, Director and General Manager, 
Fairey Engineering Ltd. 

WILLIAM JOHN Goopey, Consultant and Technical Author. 

Haro_D Derk Hoekstra, Chief Project Officer—Trans- 
ports, Federal Aviation Agency, Washington. 

BRUNO JABLONSKY, Managing Director, Jablo Plastics 
Industries Ltd. 

ALEXANDER LIGHTBODY, Technical Executive, Armaments 
Division, Sir W. G. Armstrong Whitworth Aircraft Ltd. 

ROGER NorRMAN LiptTrRoT, Retired. 

ALASTAIR MICHAEL ADAIR MAJENDIE, Director, S. Smith 
& Sons (England) Ltd. 

Eric H. MANSFIELD, S.P.S.O., R.A.E. Structures Dept. 

RoBERT B. MEYERSBURG, Chief, Aircraft Engineering, 
International Federal Aviation Agency, Washington. Also 
Adviser to ICAO. 

NoRMAN Horace PAYNE, Managing Director, Dowty 
Fuel Systems Ltd., Cheltenham. 

MAXWELL EDMUND MAssey PERKINS, Air Vice Marshal, 
R.A.F. Senior Technical Staff Officer Headquarters, Bomber 
Command. 

HAROLD Louis Price, Senior Lecturer, Dept. of Mathe- 
matics, University of Leeds. 

HENRY ERNEST JAMES ROCHEFORT, Head of Research and 
Development Dept., Hawker Aircraft Ltd. 

LEONARD LIVINGSTONE SUMMERS, Chief Mechanical 
Designer, Saunders-Roe Ltd. 

Howe_L HENRY BEAUMONT Morris Tuomas, S.P.S.O., 
R.A.E., Farnborough. 

GEOFFREY TUTTLE, Special Director, Vickers-Armstrongs. 

JOHN EMMERSON WALKER, Chief Engine Installation 
Designer, The de Havilland Aircraft Co. Ltd. 


GIFT TO MAN POWERED AIRCRAFT GROUP FUNDS 

Mr. Henry Kremer, the industrialist, who in November 
1959 offered a prize of £5,000 for the first successful con- 
trolled flight of a man powered aircraft, has now most 
generously contributed £2,500 to the Man Powered Air- 
craft Group Funds. In June this year it was announced that 
the Group had received contributions amounting to £1,100 
and would consider making financial contributions to one 
or more persons or organisations who submitted promising 
projects to further the achievement of Man Powered Flight. 
The Council appreciates greatly Mr. Kremer’s generosity. 


ROTORCRAFT SECTION ANNUAL GENERAL MEETING 
__The Annual General Meeting of the Rotorcraft Section 
will be on 13th January 1961 at 5 p.m. at 4 Hamilton Place. 


ACKNOWLEDGMENT 
The Council wishes to thank Mr. Y. Bar-Sella (Associate) 
for presenting to the Society’s airmail collection two enve- 
lopes flown on the day of delivery of the first Israel-built 
Fouga Magister to the Israel Air Force on 6th July 1960. 


ROCKET PROPULSION SYMPOSIUM—CRANFIELD, 6th - 7th 
JANUARY 1961 


This symposium, organised jointly by the Royal Aero- 
nautical Society, The British Interplanetary Society and The 
College of Aeronautics, will be held at Cranfield from 1.0 p.m. 
on Friday 6th January to 6.0 p.m. on 7th January. 

Intended as a survey of various aspects of British rocket 
propulsion work, the main papers are on:—Controllability— 
Starting, Stopping, Steering, Throttling. Reliability— 
Requirements and Problems. 

It is intended that preprints of all 17 papers will be 
available one week before the symposium. Summaries of the 
Papers will be given at the symposium and discussion will be 
encouraged. 


The following papers have been accepted :— 

E. G. D. Andrews, Chief Designer, Rockets Division, 
Bristol Siddeley Engines Ltd. ‘Design for reliability of liquid 
propellant rocket engines.” 

W. R. Beakley, M.A., Ph.D., Rocket Propulsion Establish- 
ment, Westcott. “Instrumentation techniques in rocket 
testing’ (Short paper). 

S. L. Bragg, Chief Scientist, Rolls-Royce Ltd. “Reliability 
of rocket engines.” 

A. W. Broomfield, Engineer-in-Charge, Rocket Engines, 
Bristol Siddeley Engines Ltd. ‘“‘Development for reliability of 
liquid propellant rocket engines.” 

J. M. Carter, Summerfield Research Station, Imperial 
Chemical Industries Ltd. “Thrust axis control in solid 
propellant rocket motors” (Short paper). 

E. L. Rulton, The de Havilland Engine Co. Ltd. ‘‘Measur- 
ing pump efficiency’ (Short paper). 

H. M. Darwell, Summerfield Research Station, Imperial 
Chemical Industries Ltd. “Solid propellant dual thrust 
motors” (Short paper). 

G. T. Healey, Bristol Siddeley Engines Ltd. ‘“‘The role of 
liquid hydrogen as a propellant’’ (Short paper). 

R. Heron, Rocket Propulsion Establishment, Westcott. 
“Internal ballistic problems of solid propellant rocket 
motors” (Short paper). 

C. G. Lawson, Ph.D., Explosives Research and Develop- 
ment Establishment. ‘Inspection problems in solid propellant 
rocket motor charges” (Short paper). 

P. F. Langstone, Bristol-Aerojet Ltd. ‘Metallurgical 
Aspects in the production of high strength rocket motor 
cases” (Short paper). 

A. W. T. Mottram, Bristol Siddeley Engines Ltd. 
“Starting and stopping a rocket engine.” 

K. G. Page, Rocket Division, The de Havilland Engine 
Co. Ltd. “‘Packaged liquid propellant rocket engines” (Short 
paper). 

H. G. R. Robinson, Royal Aircraft Establishment, 
Farnborough. “The Black Knight Test Vehicle—Control.” 

I. E. Smith, Ph.D., Rolls-Royce Ltd. “Thrust throttling 
of large liquid propellant rocket engines.” 

G. W. Stocks, Explosives Research and Development 
Establishment, Waltham Abbey. “Measurement of specific 
impulse and burning rate’ (Short paper). 

R. V. Watts, The de Havilland Engine Co. Ltd. 
“Thro ttling—the de Havilland Spectre.” 

The registration fee of £6 will include all available pre- 
prints, accommodation and meals—including an informal 
Symposium Dinner on the Friday evening. Applications for 
registration, may be had from: The Secretary, Royal Aero- 
nautical Society, 4 Hamilton Place, London, W.1. 


S.A.E. INTERNATIONAL CONGRESS AND EXPOSITION OF 
AUTOMOTIVE ENGINEERING 


Members of the Society have been invited to attend the 
S.A.E. International Congress and Exposition of Automotive 
Engineering which is to be held in Detroit from 9th to 13th 
January 1961. Full information and programmes may be 
obtained from Joseph Gilbert, Society of Automotive 
Engineers, Inc., 485 Lexington Avenue, New York 17. 
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DIARY 


MAIN SOCIETY 
All lectures in London will be held in the Lecture Theatre. 
4 Hamilton Place, unless otherwise stated. 

12th December 
HistoricaAL Group—Some Problems of Aeronautical History. 
C. H. Gibbs-Smith. 7 p.m. 

15th December 
Economic Lessons from Short-haul Airline Operations. 
S. F. Wheatcroft. 6p.m. (Tea at 5.30 p.m.) 

20th December 
Aircraft Shapes and their Aerodynamics for Flight at Super- 
sonic Speeds. Dr. D. Kiichemann. 7 p.m. 

22nd December 
FouRTH LANCHESTER MEMORIAL LECTURE—British Universities 
and Aeronautical Research. Professor A. D. Young. 6 p.m. 
(Tea 5.30 p.m.) 

5th January 1961 
YOUNG PEOPLE’s LECTURE. Gyroscope and Pendulum—The 
Modern Travel Agents. R. J. Lees. 3 p.m. 

6th/7th January 
Joint Meeting with College of Aeronautics and British Inter- 
planetary Society. Rocket Propulsion Symposium at Cranfield. 

9th January 
HistoricAL Group—Rebuilding and Flying Historic Aero- 
planes. Air Comm. A. H. Wheeler. 7 p.m. 

12th January 
The Law and Science in Aeronautics. H. Caplan. 
(Tea 5.30 p.m.) 

19th January 
MAIN LECTURE AT THE SOUTHAMPTON BRANCH—Trends in 
Aircraft Propulsion. H. Pearson. i Lecture 
Theatre, Southampton University. 8 p.m. 

20th January 
MAN PowereED AIRCRAFT GRoup—Gliding and Man Powered 
Flight. Lorne Welch. 7 p.m. 

23rd January 
AGRICULTURAL AVIATION Group—Locust Control from the 
Air. Dr. R. C. Rainey. 7 p.m. 

24th January : 
Problems of Erosion and Impact. Dr. R. N. C. Strain. 7 p.m. 


6 p.m. 


ASTRONAUTICS AND GUIDED FLIGHT SECTION 
3rd January 1961 
Planning of Missile Evaluation Trials. 
and A. R. Cawthorne. 6 p.m. 


J. F. W. Mercer 


GRADUATES’ AND STUDENTS’ SECTION 


14th December 

B.O.A.C. and the Future. Charles Abell. 7.30 p.m. 
11th January 1961 

Discussion evening. 7.30 p.m. 


ROTORCRAFT SECTION 


13th January 1961 
Certification of Civil Transport Rotorcraft with particular 
reference to Multi-Engines. H. E. Le Sueur. 6 p.m. 


BRANCHES 

12th December 
Henlow—The History and Development of Martin-Baker 
Ejection Seats. Wing Cdr. J. Jewell. Assembly Hall, R.A.F. 
Technical College. 7.45 p.m. 

13th December 
Gloucester—Helicopter Operations. Capt. 
Wheatstone Hall, Brunswick Road, Gloucester. 

14th December 
Manchester—Nuclear Propulsion of Space Flight. Dr. L. R. 
Shepherd. Reynolds Hall, College of Technology. 7.30 p.m. 
Reading—Flight Testing. M. C. Wilson. Hawkhurst Canteen, 
Western Manufacturing (Reading) Ltd. 6 p.m. 
Southend—“‘Hovercraft,” with films. J. W. Lloyd. Room 3, 
Engineering Dept., Municipal College, London Rd. 7.30 p.m. 

15th December 
Bristol—Rocket Motors. S. Allen. Conference Room, Filton 
House, Bristol Aircraft Ltd. 6 p.m. 
Coventry—Junior Lectures and Film Show. Herbert Art 
Gallery. 7.30 p.m. : 
Glasgow—Graduates and Students—Light Aircraft in General. 
Scottish Aviation Ltd., Prestwick. 7.30 p.m. 

16th December 
Weybridge—Annual Dance. 

2nd January 1961 
Derby—Annual General Meeting. 6.15 p.m. Followed by 


R. W. Dibb. 
7.30 p.m. 


Lecture at 6.45 p.m. Rolls-Royce Welfare Hall, Nightingy) 

Road, Derby. 
4th January 

Bristol—Bird Flight. J. L. Naylor. Conference Roon, 
Filton House, Bristol Aircraft Ltd. 6 p.m. ‘ 
Brough—Problems of Rocket Engine Development. A, y } 
Cleaver. Royal Station Hotel, Hull. 7.30 p.m. 
Christchurch—The Wind-Excited Oscillations of Suspensiqy 
Bridges. D. E. J. Walshe. King’s Arms Hotel. 7.30 p.m. 
Hatfield—The Development of the Aircraft Carrier. Cay, P 


Short and Lt. Comm. Barlow. de Havilland Restaurant. 6); | 


p.m. 
Reading—Hovercraft Development. W. J. Eggington. Lecture 
Theatre, Reading Technical College. 7.30 p.m. 

Swindon—Annual General Meeting. Film on Hovercraj 
introduced by G. Keen. The College, Victoria Road. 7.30 pn, 


Weybridge—An Experiment in Vertical Take-Off. D. Keith) | 


Lucas. Apprentice Training School, Vickers-Armstrong | 

(Aircraft) Ltd. 6 p.m. ; 
Sth January 

Isle of Wight—Annual General Meeting and Film Shoy, | 

Saunders-Roe Clubhouse, Church Path, East Cowes. 6 pm, 
10th January 


Luton—Supersonic Transport. R. G. Thorne. Napier Senior : 


Staff Canteen, Luton Airport. 
11th January 

Bristol—Gliding. A. H. Yates. Conference Room, Filton 

House, Bristol Aircraft Ltd. 6 p.m. 

London Ai —New Horizons for Forgings. E. T. Stewart. 


6 p.m. 


Jones. Lecture Hall, Fairey Aviation Co., Hayes. 6.15 p.m | 


—M.A.T.S. Operations. Member of staff of U.S.A.F. 


Air Transport Wing. Room 3, Engineering Dept., Municipal | 


College, London Road. 7.30 p.m. 


12th January 
Cheltenham—Some Mechanical Design Aspects of the Civil 
Avon. F. W. Morley. St. Mary’s College, St. Georges Place. 7 
7.30 p.m. 

16th January 
Boscombe Down—Human Elements of High Speed Flight. 


oz Gabb. Lecture Hall, A. & A.E.E., Boscombe Down. 
5.30 p.m. 
Henlow—Development of the Spectre Rocket 
W. Neat. Luton Town Hall. 7.45 p.m. 
18th January 
Bristol— Man Powered Flight. T. R. F. Nonweiler. Conference 
Room, Filton House, Bristol Aircraft Ltd. 6 p.m. 
— Young People’s Lecture—The Beverley in Service. 
Gp. Capt. F. C. Griffiths. Newland High School, Hull. 


Engine. 


Coventry—Supersonic Transports. R. G. Thorne. Herbert 
Art Gallery. 7.30 p.m. 
Manchester—Airline Engineering. Capt. P. McCormack. | 


Reynolds Hall, College of Technology. 7.30 p.m. 
19th January 
pton—MaAiIn Society LectrureE—Trends in Aircraft 


Propulsion. H. Pearson. Engineering Lecture Theatre, 
Southampton University. 8 p.m. 
20th January 


Hatfield—Social. de Havilland Restaurant. 6.15 p.m. 
23rd January 


Glasgow—Graduates and Students—Building a Light Aircraft. | 


Dr. Roche. Scottish Aviation Ltd., Prestwick Airport. 7.30 p.m. 
Henlow—Supersonic Civil Transports. R. G. Thorne. 
Assembly Hall, R.A.F. Technical College, Henlow. 7.45 p.m. 


ANNUAL EXHIBITION OF THE INSTITUTE OF PHYSICS AND THE 
PHYSICAL SOCIETY 

The 1961 Annual Exhibition of the Institute of Physics and 
The Physical Society will be held at the Royal Horticultural 
Society’s Old and New Halls, Westminster, London, S.W.1, 
from Monday 16th January to Friday 20th January inclusive. 

Demonstration lectures will be given at 5.45 p.m. on 
17th, 18th and 19th January. Tickets may be obtained from 
The Institute of Physics and The Physical Society, 47 Belgrave 
Square, London, S.W.1. 


E. J. N. ARCHBOLD MEMORIAL PRIZE 


The E. J. N. Archbold Memorial Prize has been awarded 
to Mr. J. D. Bugden. This prize is awarded annually to the 
student gaining the highest marks in the City and Guilds 
Examination in the Aeronautical Engineering Division. 
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DECEMBER 1960 


ROYAL AERONAUTICAL SOCIETY—NOTICES LV 


ELECTIONS 


The following is a list of elections and transfers of 


membership of the Society :-— 
Associate Fellows 
Harry Simister Bottoms 
Roland Herbert Bridgman 
(from Associate) 
Albert D. Brown 
Alan Roger Kenneth Burton 
John Herbert Elliott 
John Egon Forbat 
(from Graduate) 
Aubrey Franklin-Jones 
George Stott Gough 
Raymond Anthony Hancock 
Ronald Douglas John 
Hawkes (from Associate) 
John Joseph Joyce 


Associates 

Alan John Billington 
(from Student) 

Ronald Arthur Bishop 

John Thornton Clarke 
(from Student) 

Kenneth William Gatland 

Josef Glaser 

Richard Frederick Harris 

Victor Frank Martin 

Rocco J. Masiello 


Graduates 

John Anthony David 
Ackroyd (from Student) 

Arnold Barrett 

George Barry Bolland 

Ronald Tom Bullus 
(from Student) 

Ronald John Cox 

Peter Geoffrey De Bourcier 
(from Student) 

Elio De Sabata 

Roger Haines 


Students 
Rollings Ekenyo Alagoa 
Neville Michael Beckett 
Richard Henry Paul Davies 
Everest Noel Harding 


Companions 
Oliver Villiers Briscoe 
The Marquess of Headfort 


Maruti Kishor 
(from Graduate) 

John David Francis 
MacNaughton (from 
Graduate) 

John Francis Mew 
(from Graduate) 

David Needham 
(from Graduate) 

James Phillip Sparks 

Bosko Radisav Stanojlovic 

Cedric John Stephens 

Stephen Grenfell Robey 
White 


Edgar Shepherd Stow Nash 

Donald Osborne 

John Alan Ottewell 

Deryck Arthur James 
Sheppard 

Constantine Agisilaos 
Vrachas 

Arthur Pollock Watson 

Peter Richard Geoffrey 
Williams 


Philip Edward Hall 

(from Student) 
Cyril Arthur Kingsley Irwin 
David Manchee 
Philip Anthony Sherburn 
Colin Torkington 

(from Student) 
Anthony George Trotter 
Paul Selwyn Vercoe 
Bryan Wallace 


William Jobson 
Peter Judson 
Brian Lowe 
Anthony Walpole 


Kenneth Charles Hopkins 
John Matthew Slattery 


ANNUAL SUBSCRIPTIONS 
Members are reminded that their annual subscriptions 


become due on Ist January 1961. 


Fellows 
Fellows (over 65) 
Associate Fellows 


Associate Fellows (over 65) 


*Associates 
Associates (over 65) 


Graduates (aged under 26) 
Graduates (aged 26 and over) 


Students (aged under 21) 


Students (aged 21 and over) 


Companions 
Companions (over 65) 
Companions (No Journal) 


The rates are:— 
Home 


Abroad 


~] 


10 10 


*Any Associate elected before Ist October 1947 may, if he 
wishes, elect not to receive the JoURNAL; in this case his sub- 
scription will be reduced by £1 10s. Od. to £3 10s. Od. 

It will avoid delay and confusion if members sending 
Tremittances for subscriptions, will state their names, addresses 
and grades of membership clearly. Remittances should be 
made payable to the Royal Aeronautical Society. 


Attention is drawn to the Income Tax Letter published in 


November. 


Honours AWARDED TO MEMBERS 


Dr. S. G. Hooker (Fellow) and Mr. A. A. Lombard 
(Fellow) have been awarded the Enoch Thulin Bronze Medal 
of the Swedish Society of Aeronautics for papers they read to 
the Society in Stockholm on “Jet VTOL and Associated 
Engine Considerations.” 

Dr. R. R. Jamison (Fellow) has been awarded the Enoch 
Thulin Bronze Medal of the Swedish Society of Aeronautics 
for his paper “Engines for the Supersonic Airliner’? which he 
delivered to members of the Society at Trollhatten. 

Mr. Herbert Sammons (Fe//ow) and Mr. Ernest Chatterton 
(Fellow) have been awarded the George R. Henderson Medal 
by the Franklin Institute of Philadelphia for their invention 
and development of the “‘Deltic” diesel engine. 


SUPPLEMENT TO THE OXFORD ENGLISH DICTIONARY 


The following is the tenth list of aeronautical terms for the 
Supplement to the Oxford English Dictionary for which 
assistance in tracing earlier references is required. If members 
know of an earlier use than that given for any word in the 
following list they are asked to write to the Editor, Oxford 
English Dictionary Supplement, 40 Walton Crescent, Oxford, 
giving the reference(s), date, author, title, chapter and page. 


fail-safe, adj. 1958 Times, 22nd July 
fail safe, v. 1958 Times, 20th August 
falling leaf 1928 O. Stewart, Aerobatics 
feather, v. 1909 F. T. Jane (ed.) All the World’s 
Air-Ships 
feathered, ppl. a. (of 1935 Journal of the Royal Aeronautical 
an aircraft propeller) Society XX XIX 


feathering, ppl.a.(as 1939 Flight, 29th September. 


above) 
feathering, vbl. sb. (as 1909 F. T. Jane (ed.) All the World’s 
above) Air-Ships 


feeder-line (branch 1930 
air-line or road trans- 
port service) 

feeder-line (aeroplane 1946 


Flight, 10th January 


Aeroplane Spotter, 16th Nov- 


on such a service) ember 

ferry, v. (of aircraft) 1933 Aeroplane, 4th October 

ferry pilot 1917 Flying, 28th November 

ferry plane 1942 Times Weekly, 9th September 

ferry service (of 1940 The Aeroplane, 22nd March 
aircraft) 

fineness ratio 1911 Reports and Memoranda 

fix, sb. (position of 1919 H. Shaw, Textbook of Aero- 
aircraft) nautics 


fixed-pitch (propeller) 1934 Flight, 8th February 


NEWS OF MEMBERS 


J. P. ASHFORD (Student) formerly Assistant to the Head of 
the Fuel Element Design Section, English Electric Co., 
Atomic Power Dept. is now Senior Research Officer, CEGB, 
Berkeley Nuclear Laboratories, Bristol. 

Third Officer B. BANCROFT, W.R.N.S. (Graduate) has 
qualified as a Meteorological Officer in the Naval Weather 
Service and is now at the Royal Naval Air Station, Abbotsinch. 

L. BoDDINGTON (Fellow) has been appointed to the Board 
of Westland Aircraft Ltd., as Tech. Director (Development). 

P. W. Brooks (Associate Fellow) formerly Technical 
Assistant to the Chairman, B.E.A., is now Fleet Planning 
Manager. 

E. W. CornrorD (Associate) formerly Co-ordinating 
Engineer, de Havilland Propellers Ltd., is now Executive 
Engineer, Vandervell Products Ltd. 

J. H. Davies (Graduate) formerly Junior Aerodynamicist, 
Handley Page Ltd., is now an Aerodynamicist in the G.W. 
Division, English Electric Aviation Ltd. 

Wing Cdr. A. J. Doucu (Associate Fellow) formerly with 
the Oxford University Air Squadron, is now with the Air 
Defence Division, S.H.A.P.E. 

B. J. Epwarps (Graduate) formerly Research Assistant, 
Kings College, Cambridge, has joined the Guided Weapons 
Aerodynamics Office, Bristol Aircraft Ltd. 
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Group Capt. A. W. Eyre (Associate Fellow) formerly 
Senior Technical Officer, R.A.F. Lyerston is now A.D./Air 
Arm. 2, Ministry of Aviation. 

A. FoRRESTER (Student) formerly Aeronautical Engineer 
Apprentice, Blackburn Aircraft Ltd., Brough, is now Deputy 
Chief Radiologist. 

C. D. GRAHAM (Associate Fellow) formerly Principal, 
Cannock Chase Mining and Technical College, Staffordshire, 
is now Principal of Aston Technical College, Birmingham. 

D. T. Grant (Associate Fellow) formerly Rotorcraft 
Project Engineer, Rolls-Roycé Ltd., is now with Westland 
Aircraft Ltd. 

R. HaAFNER (Fellow) has been appointed to the Board of 
Westland Aircraft Ltd., as Technical Director (Research). 

M. A. HENDERSON (Associate Fellow) formerly Branch 
Lubricants Supervisor, Swansea Branch, Shell-Mex & B.P. 
Ltd., is now Divisional Lubricants Supervisor, North 
Eastern Division. 

R. B. HEywoop (Associate Fellow) formerly at the R.A.E., 
is now a Director of A. Macklow-Smith Ltd., Putney. 

M. E. House (Student) has completed a_ graduate 
apprenticeship with Rolls-Royce Ltd. and is now a Technical 
Assistant, Experimental Flight Establishment, Hucknall. 

M. A. HuNDLEBY (Graduate) formerly Aircraft Research 
Technician, A. V. Roe & Co. Ltd., is now an Air Traffic 
Control Officer, Ministry of Aviation. 

C. M. JAGTIANI (Student) formerly at Marshalls Flying 
School, Cambridge, is now Assistant Design Engineer, 
British Insulated Callendar’s Construction Co. Ltd. 

J. C. M. Jones (Associate Fellow) formerly Aircraft Re- 
search Association is on Research and Development, 
Central Electricity Generating Board, Nuclear Laboratories. 

A. C. N. Lucker (Graduate) having successfully com- 
pleted the two year Diploma Course at the College of Aero- 
nautics, Cranfield, is now in the Combustion Research 
Department, Rolls-Royce Ltd., Derby. 

R. Mo.p (Student) having completed his Post-Graduate 
Training with Vickers-Armstrongs (Aircraft) Ltd., Weybridge, 
is now in their design office as a Stressman. 

D. J. PAYNE (Graduate) formerly Research and Develop- 
ment Group, Atomic Power Division, English Electric Power 
Co., Leicester, is now University Demonstrator in Engineering, 
Department of Engineering, University of Cambridge. 


Lecture Summaries 


GRASS, SOILS AND FERTILISERS 
I. A. NICHOLSON, B.Sc.(Hons.), M.Sc. 


Given on 7th December 1960 

British grasslands, including the “rough grazings” of the 
uplands, are distributed over a wide range of soil types. Every soil 
presents its own problems and a knowledge of the special character- 
istics and requirements of each is vital in achieving a high pro- 
duction level. Great advances have been made in grassland 
husbandry in the past thirty years, resulting from scientific and 
technical developments, which on the more fertile soils in lowland 
areas have been widely and effectively applied. The aim of pas- 
ture management is to provide an adequate and nutritionally 
balanced diet for livestock for as long a period of the year as 
climatic and other conditions allow. Where sustained production 
is required over a few or many years it becomes increasingly 
important to understand what the impact of present use will be 
on future herbage trends. Thus, with permanent pasture, especi- 
ally the ‘rough grazings” of the uplands, this principle must be 
given due weight in considering programmes of development. 

For many years, considerable research effort has been devoted 
to problems of production from lowland pastures, but today an 
increasing effort is being made to elucidate the fundamental 
factors which limit production from the uplands and, as in low 
ground systems, the combination of scientific and technological 
advance may lead to sound systems of upland pasture use. 


Man Powered Aircraft Group 


AERODYNAMIC PROBLEMS OF MAN POWERED FLIGHT 
T. R. F. NONWEILER, B.Sc., Ph.D., A.F.R.Ae.S. 
To be given on 9th December 1960 
The emphasis will chiefly be placed on the problems of fixed- 
wing aeroplane design. After some thoughts on the basic design 
criteria and optimisation of the leading aerodynamic features, 


—= 


detailed consideration will be given to wing design. Some like) 
problems of stability will be pointed out, and a solution to th 
problem of a simplified lateral control suggested. Propelle 
design will be considered and some particulars given of th 


geometry of a special blade. The application of wing-suction, | 


and the special problems of the ornithopter will be alluded i 


Historical Group 
SOME PROBLEMS OF AERONAUTICAL HISTORY 
C. H. GIBBS-SMITH, M.A. 
To be given on 12th December 1960 


The Lecturer will deal with seven problems of aviation histop, 


Firstly, the latest claim to antedate the Wright Brothers—that of tl: 
Pearse family in New Zealand concerning the alleged flight of 
Richard William Pearse in 1903. Linked with this is the case of 


Preston Watson, which took some three years’ research to disprove, | 


The cases of S. F. Cody, A. V. Roe and Clément Ader will also 


discussed, The Lecturer will pose questions and problems, fy [ 


example, why clues given to flight by Chanute in 1903 were not 
picked up in Europe, and why, in view of the published material 


by Sir George Cayley, it took so long for anyone to make and a 


fly practical fixed-wing gliders. 


ECONOMIC LESSONS FROM SHORT-HAUL AIRLINE 
OPERATIONS 
S. F. WHEATCROFT, B.Sc.(Econ.), A.F.R.Ae.S. 
To be given on 15th December 1960 


_ In the past few years the Lecturer has been involved in studies of | 
air transport in various parts of the world: Europe, Canada, India, | 


Central Africa, The West Indies and Nigeria. In each case the 
studies have been primarily concerned with relatively short-haul 
operations within a limited geographical region. The lecturer will 
attempt to summarise what he thinks are the most important 
lessons to be learned from these operations :— 

1 High route density leads to lower costs and profitable operations, 
2 Highest practicable level of utilisation of aircraft and crews is 


vital. 
3 High load factors do not necessarily reflect inadequate capacity 
and are essential for profitable operations. 
4 Aircraft design features—particularly the relationship between 
passenger payload and maximum payload—have an important 
bearing on the ability of an airline to achieve high load factors. 
5 Flexibility is essential in airline pricing policy to achieve high 
load factors and the maximum profitable development of traffic. 
6 Competition is a double-edged sword. 
7 Cross-subsidisation of unprofitable routes by profitable routes 
may be a dangerous policy—commercially and socially. 

Some forms of airline co-operation are highly desirable and 
may become increasingly necessary in the next few years. 
9 Specialisation on particular kinds of routes brings great 
advantages in airline operations. 


10 Short-haul airline managements must always look after the | 


pennies. 


AIRCRAFT SHAPES AND THEIR AERODYNAMICS FOR 
FLIGHT AT SUPERSONIC SPEEDS 
D. KOCHEMANN 
To be given on 20th December 1960 

General consideration of the problem of achieving a given flight 
range leads to some overall dimensions of supersonic aircraft, with 
the span of lifting surface and volume essentially smaller than their 
length. The aerodynamic design problem is considered next. The 
yawed wing, the swept wing-body combination and the slender 
wing are shown to offer potential solutions, each of them designed 
to have the same type of flow throughout its flight range. Slender 
wing aircraft are considered in more detail and some theoretical 
and experimental results are given. 


Young People’s Lecture 


GYROSCOPE AND PENDULUM—THE MODERN 
TRAVEL AGENTS 
R. J. LEES 
To be given on 5th January 1961 

Man has used many different systems of navigation—the 
stars, the magnetic compass, the gyro-compass and radio. More 
recently navigation of the ballistic missile and submarine have 
required systems which are self-contained and do not rely on 
the outside world. Inertial Navigation is the answer. The 


* principles of Inertial Navigation have been known for 300 years 


but it is only now that engineering is becoming good enough 
for it to be made to work. The lecture describes these prin- 
ciples and illustrates them with demonstrations. 
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The Optimum Size of a Rocket Engine 


by 


J. E. P. DUNNING, M.A., F.R.Ae.S., M.I.Mech.E. 


(Director, Rocket Propulsion Establishment, Westcott) 


Summary: The paper gives a précis account of studies made at the Rocket Propulsion Establishment 
of the Ministry of Aviation to determine the relationship between the specific weight and thrust of a 


liquid bi-propellent rocket engine. 


Although the need for a better understanding of basic phenomena is established, the conclusion is 
reached that, within the selected premises, the minimum specific weight is achieved at a thrust level 
near 50,000 lb. The difference in specific weight between engines of 200,000 Ib. thrust and 50,000 Ib. 
thrust is only about 10 per cent and this is shown to be equivalent to only one per cent in propellent 
specific impulse. Although small, it is considered significant that a minimum has been established 
and this fact is used as an argument to justify the use of clusters of engines (generally four) to provide 


levels of thrust greater than 100,000 Ib. 


The 1,160th lecture to be given before the Society and the 
39th Main Lecture to be held at a Branch Centre, “The Opti- 
mum Size of Rocket Engines,” by J. E, P. Dunning, M.A., 
F.R.Ae.S., Director, Rocket Propulsion Establishment, West- 
cott, was given under the auspices of the Coventry Branch on 
7th April 1960. Mr. W. J. Peters, Chairman of the Branch, 
opened the proceedings. 


Mr. PETERS: It was his privilege, on behalf of the Coventry 
Branch, to extend a very cordial welcome to Mr. P. G. Mase- 
field, M.A.(Eng.), F.R.Ae.S., Hon.F.1.A.S., M.Inst.T., President 
of the Society, and to the members of the Society present, and 
to the visitors they had with them. 

This was the second Main Lecture at the Coventry Branch. 
The first had been held nine years ago, on the occasion of the 
25th anniversary of the Coventry Branch. The policy of the 
Society in holding Main Lectures at Branch centres not only 
brought the Society out to the Branches in many different 
parts of the country, but it also stimulated interest in Branch 
affairs. The effect was felt in the Branches for a long time 
afterwards. They were very conscious of the goodwill shown 
by the Council of the Society and the Branches’ Conference 
towards the work in the Branches and he would like to take 
this opportunity of saying to the President and the Members 
of Council present how greatly that was appreciated by mem- 
bers of Branches like theirs. He would ask the President to 
preside over the rest of the proceedings. 


l. Introduction 

The title of this paper is so bold and definitive that it 
Suggests a unique answer will be forthcoming, un- 
trammelled by qualifying clauses and restrictions. Such 
is not the case. Based on studies made at the Rocket 
Propulsion Establishment, it offers some conclusions 
which must be judged in the light of the premises on 
which they are founded. Some of these premises were 
created to keep the exercise within reasonable bounds, 
some were accepted intuitively and others imposed 
themselves because we lacked a full understanding of 
basic phenomena. Nevertheless the conclusions are 
considered to possess some merit and provide a sound 
design philosophy. 

A rocket engine is a real object and so has dimensions 
and occupies volume, by which we assess size. Therefore 
the term “optimum size” implies that one volume, 
greater or less than other volumes, is best. There is no 
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Mr. MASEFIELD: For all of them from the headquarters of 
the Royal Aeronautical Society it was a great pleasure to be 
in Coventry for the second Main Society Lecture at the 
Branch. In the nine years since the previous Main Society 
Lecture at Coventry much had been going on in one way or 
another in aeronautics, in fact, as a result of that progress 
they were to have a “ Rocketeering” evening. 

Who better could there be to talk to them on the subject 
of optimum size of rocket engines than Pat Dunning, who, as 
they knew, was Director of the Rocket Propulsion Establish- 
ment at Westcott. To preside as President of the Society over 
this Lecture was a particular pleasure to him because Pat Dun- 
ning and he were at Cambridge, in the days when they were 
really working. Mr. Dunning took First Class Honours in 
Mechanical Sciences Tripos in 1935 at Cambridge, and after 
serving an apprenticeship with oil engine manufacturers, spent 
a year on stress analysis in the engine development office 
of the Bristol Aeroplane Co., followed by two years with 
Armstrong Whitworth Securities Ltd. on the development of 
oil engines. In September 1940 he joined the Royal Aircraft 
Establishment and for the next ten years was engaged on engine 
test and development work in the Engine Gas Dynamics and 
Guided Weapons Departments. In 1950 he was appointed 
Assistant Director, Engine Research and Development (Air) at 
the Ministry of Supply and, in 1955, was Director for some 
months until his appointment as Chief Superintendent at West- 
cott. He was now Director. 


obvious reason why this should be so and the only way 
in which “‘optimum size” can have any significance is to 
relate size to some intrinsic property of a rocket and then 
relate this property to some specific characteristic which 
has maximum or minimum values. 

A rocket, of whatever form, has the prime require- 
ment to provide thrust. For a family of similar rockets 
operating under identical conditions, the magnitude of 
the thrust will be proportional to the square of a 
characteristic linear dimension. Thrust may therefore 
be selected as the intrinsic property and its magnitude 
used as the criterion of size. 

Where the propelling mechanism-forms part of the 
object to be propelled, weight always imposes a penalty 
and this applies more so to rockets than to other devices. 
Therefore the ratio Weight : Thrust, or Specific Weight, 
has some significance as a figure of merit. Once more, 
considering a family of similar rockets, it will be apparent 
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that specific weight will be proportional to a character- 
istic linear dimension and therefore dependent on the | LIQUID OXYGEN 


selected criterion of size, thrust. 

The assumption of dimensional similarity merely 
presents the ““Square-Cube Law” in a particular guise and 
the relationship between specific weight, s, and thrust, P, 
is 

s?=kP 
where k is a constant. 

This idealised relationship indicates that the specific 
weight continues to increase, although at a decreasing 
rate, as the thrust increases and therefore has no true 
maximum or minimum value. However, in all instances 
in which the Square-Cube Law is invoked, practical 
considerations create digressions which generally become 
greater as size is reduced. For rocket engines these 
digressions are manifest in increasing values of specific 
weight as thrust is reduced below a certain level. Above 
this level dimensional similarity comes to be observed 
with increasing respect, therefore a realistic curve show- 
ing the variation of specific weight with respect to thrust 
has a minimum. The value of thrust corresponding to 
this minimum specific weight will be used to define the 
optimum size of rocket engines. 

It is recognised that there are many criteria by which 
optimum size may be assessed, but none is considered to 
have such basic significance as the thrust at which mini- 
mum specific weight is obtained. As the title implies, 
the purpose of this paper is to give a value to this thrust. 


2. Some Working Premises 

Reference to similarity implies that the study wiil be 
confined to one type of rocket and the adoption of 
thrust as the criterion of size determines what that type 
shall be. In this context, a rocket engine is defined as a 
propulsion unit using liquid bi-propellents which are fed 
into the combustion chamber by a mechanical pumping 
system. A diagrammatic layout of such a unit is shown 
in Fig. 1 and interest is confined to those components 
below the dotted line together with any supporting 
structure necessary to position the components and 
attach them to the main structure. 

It should not be inferred that the selected unit is 
deemed superior to other types of rocket. In fact, when- 
ever a new rocket application arises, comparisons are 
made between all possible types but the criteria of 
selection are, perforce, more numerous. Although thrust 
may be only one of these criteria, it would be wrong to 
deduce that this paper deals with a pejorative of such 
comparisons. Rather is it pre-requisite to them. 

By way of justification, consider some of the intrinsic 
characteristics of two other established types of rocket, 
namely a unit in which the propellents are injected into 
the combustion chamber solely by pressurisation of the 
storage tanks and, a unit powered by solid propellents. 
For the former it would be nonsensical to consider the 
combustion chamber in isolation and for the latter such a 
consideration is impossible. For both types the dominant 
factor governing size is Total Impulse which is the 
product of Thrust and Time. As this product is directly 
dependent on the amount of propellent consumed it will 
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Ficure 1. Diagrammatic layout of a liquid bi-propellent rocket, 


be apparent immediately that propellent density and 
propellent specific impulse are two characteristics on | 


which size is dependent. Thrust has therefore ceased to 
be a criterion of singular significance and, as a con- 
sequence, these two types of rocket are excluded from 
this study. 

The influences of propellent characteristics and of the 
duration of thrust are not entirely absent from the 
assessment of the pump fed unit, but their magnitudes 
are of the second or third order. Furthermore, these 


influences enter only because the “implied” total | 


impulses of the assessment are so great that they are 
beyond the range in which the pressure fed and solid 
propellent units can compete with the selected type i 
terms of gross weight. 

For the moment this somewhat paradoxical statement 
must be taken on trust. The paper as a whole does 
provide the justification which is dependent on a full 
revelation of all the working premises. 


value of the assessment are not so in fact. Only by 
studying one type of unit is the exercise made feasible. 
It is not denied that ‘‘optima” exist for each of the two 
types presently excluded, but their determination de- 
mands separate studies based on different criteria. As 
with the present exercise, each study is a pre-requisite to 
an overall comparison. 


What at first ; 
sight appear as arbitrary exclusions which limit the | 
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It is still necessary to pursue the process of exclusion a 
step further and select a particular bi-propellent com- 
bination. Cold logic would perhaps invite us to select the 


} combination giving the highest specific impulse, namely 
| hydrogen and fluorine, but a sense of realism tinged with 


discretion made us confine our early studies to the use of 


+ a hydrocarbon (kerosine) and liquid oxygen. In so far 


as propellent characteristics are relevant, this paper 
assumes the use of this combination. 

It would perhaps be too great a digression to explain 
in further detail all the compelling reasons for this choice, 
but if one single justification were required I would say 
that it is likely to continue in use for a long while to come 
in space research projects, at least in the large first stage 
rockets. The exclusion of higher energy propellents 
from the first and even the second stages of a satellite 
launcher is not the impediment which many space en- 
thusiasts believe, as Parker and Ruston™ have pointed 
out. Rather do I regard their exclusion from the high 


| thrust first stage as essential realism in an engineering 


and economic sense. 

With the major premises defined, it is sufficient for the 
remainder to say that proven design practice, where it 
existed, was the guide. However, it was a salutary 
experience to realise how much was not proven. The late 
Professor Inglis used to say that “the practical man 
perpetuates the mistakes of his grandfather”. No one 
would deny that we need the practical man—he is the 
salt of the Earth—yet we know full well his limitations 
and we must recognise that in present-day rocket 
engineering our status is not much better. We cannot 
perpetuate our grandfathers’ mistakes but we are perhaps 
repeating our own because we lack a thorough under- 
standing of many important phenomena within a rocket. 
Therefore my claim that our studies, on which this paper 
is based, are realistic is perhaps euphemistic. Neverthe- 
less, an essential step towards the removal of ignorance 
is to recognise that ignorance exists and our studies 
provided this step. 

This situation has tempered my conclusions, but in 
such a manner I believe, as to shift the “optimum 
engine” to a higher thrust level. 


3. Analytical Approach 


In comparison with other propulsive devices an 
intrinsic characteristic of a liquid bi-propellent rocket 
engine is its low specific weight, but against this we must 
set its high specific consumption of propellent. However, 
the combined effect of these two characteristics does 
result in lower values of gross weight (i.e. engine plus 
propellent), than is possible for other types of propulsion 
device if the duration of thrust does not exceed 200 
seconds. Furthermore, in terms of “thrust density” 
(thrust per unit volume) the rocket is greatly superior 
to air breathing units. These characteristics, coupled 
with a thrust capability virtually independent of ambient 
conditions, make the rocket the only feasible source of 
thrust for launching ballistic missiles and satellites. 
Of all known super-terrestrial operations, this imposes 
the highest demands for thrust and gave us the starting 
point for our analysis. A thrust requirement was 


assumed of 200,000 Ib. provided by N engines, each 
giving 200,000/N lb. thrust, where N had values of :— 


1 2 4 8 16 32 
and the corresponding values of thrust (lb.) were: 
200,000, 100,000, 50,000, 25,000, 12,500, 6,250. 


If the engines of this series were geometrically similar 
as the Square-Cube Law implies, the specific weights of 
the units would vary inversely as N, and on this 
criterion alone the advantage would lie with N being as 
large as possible. In the Introduction, reference was 
made to unavoidable departures from the Square-Cube 
Law and it was apparent that the completion of our 
analysis depended on the answers to two major 
questions : — 


(a) How closely could we adhere to geometrical 
similarity ? 

(b) How did the efficiencies of the engines, assessed 
in terms of propellent specific impulse, vary with 
size? 

In answer to (a) it is sufficient for the moment to say 
that our interpretation of the requirements of combustion, 
gas dynamic and heat transfer phenomena and the 
observance of good engineering practice demanded 
radical departures from similarity. These departures 
increased in magnitude as the scale decreased and in such 
a manner that they adversely affected the specific weight. 

With regard to (6), many of the departures from 
similarity, particularly in the design of the combustion 
chambers, were in the interests of maintaining efficiency. 
Nevertheless we had to accept reductions in efficiency of 
some components as the scale was reduced and these 
reductions, apparent as reductions in specific impulse, 
had to be debited as increases in specific weight. 

Thus, with the specific weight of the single engine of 
200,000 Ib. thrust as datum, the specific weights of the 
similar engines were increased above their “‘weighed”’ 
values by amounts dependent on the quantities of 
additional propellent consumed. 

Without these corrective steps the analysis would be 
false and misleading. In the application to a ballistic 
missile or a satellite launcher the weight of propellent 
consumed is of the order of 30 to 40 times greater than the 
weight of the engine and small changes in efficiency can 
bring about changes in the weight of propellent con- 
sumed of the same magnitude as the engine weight. 

This being so, one might be tempted to doubt the 
value of the exercise. That we continued is indicative of 
our own doubts being dispelled and I believe the full 
value of the exercise lies in something much broader than 
the mere determination of the “optimum engine”’. 


4. The Relationship Between Propellent 
Specific Impulse and Engine Weight 
The analysis given below was devised by J. G. 
Forbister, a member of the original study group at the 
Rocket Propulsion Establishment. 
Neglecting such factors as time of burning and the 
type of trajectory, whose effects on missile performance 
are relatively small, the relation between missile 
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performance, specific impulse, weight of propellants con- 
sumed and weight of missile at thrust cut-off is: 
V=le 
2 
where V is the missile velocity at the point of thrust 
cut-off (taken to be a measure of 
performance). 
g is the acceleration due to gravity. 
M, is the initial total weight of the missile, when 
thrust begins. 
M, is the weight of missile at thrust cut-off. 
Thus M,p=(M,-—M,) is the weight of propellent 
consumed. 
Let M. M. s+ M. E 
where M, is the weight of the engine 
Ms is the weight of the structure + payload. 


For a constant weight of propellent consumed (i.e. 
constant) 
dV _dl_ dM, (M, —M.) (2) 
VI M, * M,log(M,/M,) 
Keeping V constant, the relative importance of specific 
impulse and weight of the missile at thrust cut-off is 
therefore given by 
dM, _ ( M, M, , dl 


where x is M,/M.,. 
It is realistic to consider the engine as part of the 
missile structure and that any change in engine weight 
represents the same change in missile “dry” weight, 


theref 
ereiore dM,=dM, 
(_X_ 
me Mz sx I (5) 


Thus the percentage change in engine weight equivalent 
to one per cent change in specific impulse is 


12 


This relationship is shown in Fig. 2, with values of) 
as abscissa and with three values of M./M, 
parameters. 


By way of illustration, the value (and position) of 


7-3 per cent is shown for the German V.2 missile andj 


will be in conformity with modern practice due t) | 


increased values of x and of M,/Mg, to take the curren 
value as 10 per cent. 

By the same reasoning as above, if Mz is the weigh 
of a component of the engine, we may assume a chang 
in the weight of that component gives the same change in 
the weight of the whole engine, therefore 

dM.=dM;z 
and 
dM, My M./ x dl 
and this demonstrates the obvious, that the smaller the 
component the less sensitive is performance to changes in 
weight of that component. 

The main deduction to make from the foregoing 
analysis is that weight reduction in the engine is worth- 
while if for every 10 per cent achieved, the specific 
impulse is not impaired by more than one per cent. 
Conversely, a weight increase is worthwhile if the 
specific impulse is increased by at least one per cent for 
each 10 per cent increase in engine weight. 

This relationship was used in our studies to equate 
reductions in component efficiencies to effective in- 
creases in specific weight. 


5. Combustion Chamber Design and Scaling 
Procedure 

The selected premises demanded the closest possible 
adherence to geometrical similarity and, for all corres- 
ponding stresses to be the same, the operating pressures 
had to be invariant with scale. Assuming in the first 
instance no impairment of combustion efficiency with 
change of scale, the acceptance of the same propellent 
combination ensured, when associated with the previous 
conditions, that temperatures and velocities were the 
same at corresponding points 
and thus dynamical similarity 


M2 25 
Me existed. 


Apart, however, from the 


i above requirements, the analy- 


sis given in Section 4, warned 
us in no uncertain manner that 
every endeavour had to be 


=3 Made to maintain combustion 
efficiency as the scale was 
reduced. Appreciation of this 
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Ficure 2, Percentage change in 
engine weight for one per cent 
change in specific impulse with 
respect to the ratio 


Launching weight 
All burnt weight 
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combustion chambers was presented, invoked the first 
doubts on the value of the scaling process and brought 
about a new design approach. 

Although the characteristic length of a combustion 
chamber, L* (see footnote) is not self-sufficient as a 
design criterion, it is a measure of the time of stay of the 
propellents within the combustion chamber and thus 
must have some influence on combustion efficiency. 
With N defined as above, L* varied inversely as ./ N and 
as N increased our combustion chambers had values of 
L* more and more below an acceptable minimum. 
Admittedly our acceptable minimum was based on 
current design practice, rigid conformity to which 
implies stagnation in development, yet there was little 
point in being unrealistic, nay foolish, if we wished to 
make our studies worthwhile, particularly so when 
regard was paid to the insensitivity of overall perform- 
ance arising from variations in weight as L* was changed. 
If the weight of that part of the combustion chamber is 
1/8th of the weight of the whole engine, then an 80 per 
cent change in L* is equivalent to one per cent change in 
specific impulse. This justified our departure from 
geometrical scaling in favour of designing the best 
combustion chamber for each selected thrust level. 

This new approach pre-supposed that we had a 
rational and acceptable design code, but from the 
outset we were made aware of our profound lack of 
understanding of all the processes upon which efficient 
rocket combustion depends. Furthermore, we were 
thrown into doubt about the quantitative laws of heat 
transfer and the extent of any molecular recombination 
process during expansion through the propelling nozzle. 
We were left in no doubt that the existing rocket design 
code was based on “cut and try” methods and that a 
basic systematic study was required. 

In this context it is not possible nor desirable to 
retrace the tortuous path followed te achieve our goal. 
Lewis, Fitzgerald and Merrington made a critical survey 
of possible scaling procedures, particularly those of 
Crocco” and Penner’ from which they formulated 
design rules, to some extent empirical yet having the 
merit of a logical foundation. 

We started from the concept that all the processes 
requisite for combustion required some finite interval of 
time to reach completion and that in this interval the 
minimum possible accelerations should be imposed 
upon the gaseous products being created. This latter 
condition permitted us to draw some important infer- 
ences and allows a digression on the characteristic length 
of the combustion chamber, L*. 

In the calculation of L* the relevant volume is taken 
to include the volume of the convergent passage up to the 
throat of the propelling nozzle and this is a significant 
percentage of the whole volume. In fact, for large 
combustion chambers it may account for the greater 
part of the total volume. The requirement for minimum 
acceleration demands that combustion should be virtually 
complete before the geometrical convergence begins and 
therefore we discount the volume of the converging 


L* is volume of combustion chamber up to the plane of the throat 
cross-sectional area of the throat 


passage to the throat in assessing the requisite com- 
bustion volume. By so doing we have removed any 
significance which may be attached to L* but, in any 
case, it is not self-sufficient as a design criterion because, 
for a specified value of nozzle throat area, a specified 
value of L* permits an infinite variety of combustion 
chamber designs. Because of our non-acceptance of L* 
we had to consider what dimensional relationships within 
the combustion chamber were valid design criteria. 

Without invalidating later arguments we assumed, 
merely as a catalytic step, that combustion occurs in an 
ideal fashion in a lamina of small thickness, dependent 
on the chemical reaction time (~10~’ sec.), immediately 
up-stream of the geometrical convergence to the nozzle 
throat. Assuming also uni-dimensional characteristics 
and isentropic flow within the convergent passage, the 
surface of the lamina must be concave on its down- 
stream side. Continuing with this concept we then 
considered what idealised processes are necessary to 
create the curved laminar combustion zone and then 
contrived to devise a practicable system which permitted 
the closest possible simulation. 

Here, we could do no other than accept known 
techniques and assume that the propellents, fuel and 
oxidant, are injected as liquids as uniformly as possible 
over, and normally to, an area which is at some distance, 
L, from the combustion lamina. Therefore this area, the 
injection surface, must be concave and greater than the 
area of the combustion lamina. The injected liquids 
will travel towards the combustion lamina, undergoing 
in sequential order and at an equal rate the processes of 
atomisation, vaporisation and mixing so that a homo- 
geneous gaseous mixture arrives at the front convex face 
of the lamina where the chemical reaction begins. 

In practice random variations will impose themselves 
on each of the processes with the result that a thin 
laminar combustion zone is never created. We assumed 
that there is little variation in the injection velocity of the 
liquids, but it is well established that during atomisation, 
droplets ranging in diameter from 25y to 250y, say, are 
formed. Because of the wide range in surface : volume 
ratio, and in the momentum : drag ratio, the smaller 
droplets tend to slow down and vaporise more rapidly 
than the larger ones. These physical processes require, 
on average, about 10-* seconds and as the injection 
velocities are around 75-100 ft./sec., the distance between 
the injection surface and the far limit of combustion may 
extend to the order of one foot. The far limit of com- 
bustion has been stated because, due to the range of rates 
over which the physical processes occur, the actual 
combustion zone acquires appreciable thickness, starting 
perhaps 2 or 3 inches from the injection surface. 

This combustion in depth imposes an acceleration on 
the gaseous products which is aggravated by the geo- 
metrical convergence, already implied by the idealised 
conditions which demanded that the injection surface 
be of greater area than the combustion lamina. It was 
deduced that a converging passage from the injection 
surface is no longer desirable and, in fact, it would 
appear at first sight that a diverging passage would more 
nearly provide the condition of minimum acceleration of 
the combustion products. For a particular distribution 
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Ficure 3. Infinite Motor Concept. 


of “combustion centres” with respect to distance from 
the injection surface (i.e. for a particular atomisation and 
vaporisation pattern), a particular degree of divergence 
will be suitable, but for another distribution this 
divergence may accentuate the up-stream propagation of 
perturbations and incite instability. Because of the 
random variations in the rates of heat release within the 
combustion zone, not only with respect to the distance 
from the injection surface but also across any cross- 
sectional plane, it is considered logical that all com- 
bustion should occur within a passage of constant cross- 
sectional area. 

Thus we arrived at the conclusion that a liquid bi- 
propellent rocket combustion chamber should be a right- 
circular cylinder with the propellents injected as uniformly 
as possible and parallel to the axis from an injection 
surface forming one end of the cylinder, of which the 
axial length should be sufficient to provide time for the 
completion of combustion. 

From this stage only a few short steps were needed to 
postulate the “infinite motor concept” with a repetitive 
pattern injection system as depicted in Fig. 3*. 

Using the term “‘injector” for a discrete unit occupy- 
ing the smallest practicable area “a”, the injection 
surface of area “A” will contain A/a, identical injectors 
from each of which the same quantities of fuel and 
proportionate quantities of oxidant will be supplied. 
If the fuel and oxidant from each injector react only 
with each other, the cylindrical combustion chamber will 
be occupied by a “‘bundle” of (A/a) identical “‘com- 
bustion shafts” of length, L, equal to the axial length of 
the cylinder. Thus the total quantity of propellent 
supplied and hence the thrust generated will be dependent 
only on the cross-sectional area “‘A’’ of the combustion 
chamber. The axial length “L” will remain constant for 
a given propellent combination and a given type of 
injector. 

It will be recognised that in practice major departures 
from this “infinite motor concept” will exist. Mutual 
interference will arise between adjacent “combustion 
shafts”, turbulence will create transverse disturbances 
which may be of a large scale and the “combustion 
shafts” near the walls will be subjected to influences not 
apparent near the centre. Nevertheless the concept 
permits us to postulate a thrust scaling procedure which 


*Presented by G.E.C. of America in 1948 and more recently by 
Ross of Aerojet General. Ref. 4. 


is rational and bears a closer affinity to realities than qo 
the proposals of Crocco and Penner. Penner’s conditions 
imply uniformity in atomisation and Crocco demand 
atomisation varying with scale. The “infinite motor 
concept” accepts the random nature of atomisation and 
does not demand any change with scale. 

It follows that if the combustion chamber cro. 
sectional area is made proportional to thrust, then the 
ratio 

combustion chamber cross-sectional area 


propelling nozzle throat area 


is independent of scale. This ensures Mach number 
similarity within the combustion chambers and hence 
similarity in velocities, pressures and temperatures if no 
effects are assumed from changes in surface: volume ratio, 
If it is assumed also that either a frozen molecular state 
exists or that molecular recombination is so rapid that itis 
unaffected by scale, the propelling nozzles will maintain 
geometrical similarity. Apart, however, from bestowing 
these benefits, it is not sufficient to state that the above 
ratio is independent of scale. A value must be given to it 
because it determines uniquely the Mach number of the 
gaseous combustion products at the end of the cylin- 
drical combustion chamber and hence the fundamental 
loss of total pressure within the combustion chamber. 
This relationship between the area ratio and Mach 
number is given by :— 


where A, is the cross-sectional area of the cylindrical 
combustion chamber. 
A, isthearea ofthe throat of the propelling nozzle. 
M. is the Mach number of the gaseous com- 
bustion products just up-stream of the 
geometrical convergence to the throat. 
y is the ratio of the specific heats of the gases. 


MM = MACH NUMBER 
Ac = COMBUSTION CHAMBER CROSS SECTIONAL AREA 
Ag = NOZZLE THROAT 
M 
O-4 
° 0-2 O-4 o-8 


c 
Ficure 4. Variation of Mach number in combustion chamber 


just before convergence to the nozzle throat with respect to 
the ratio At/Ac. 
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The variation of M, with respect to the ratio (A;/ A.) is 
shown in Fig. 4, and it is interesting to note the in- 
sensitivity to changes in the value of y. 

The total pressure of the combustion products just 
up-stream of the nozzle convergence is dependent on the 
Mach number, M., as shown by the following equation : 


M.? | 


is the total sonia in the combustion 
chamber when A,./A; is very large 
(M,—> 0). 

P, is the total pressure in the combustion 
chamber just up-stream of the nozzle 
convergence when M, has finite values. 

As M, increases up to its maximum value of unity as 
(A,/ At) decreases from a large value to unity, the value 
of P, will decrease. If the divergent portion of the 
propelling nozzle is designed to expand the gases to a 
constant pressure P., the effective pressure ratio across 
the nozzle, (P./P.) will diminish as (A./ At) decreases, 
therefore the effective specific impulse will decrease 
because a decreasing percentage of the enthalpy of the 
combustion gases will be converted to kinetic energy, 
as indicated by the relation 


_ (Pe 

le=/ { M |! 

where J is the specific impulse 
M is the molecular weight 

K,T. is the enthalpy of unit mass of gas in the 

“M combustion chamber. 

The percentage loss in specific impulse, from the value 
when A./A; is very large, with respect to values of 
A./ A; is shown in Fig. 5 for the two design pressure 
ratios of 20:1 and 36:1, assuming y= 1-2. 

The larger pressure ratio is near to current practice 
and is therefore of interest to us. The relevant curve 
shows that A./A; should not be below 2:0 if the losses 
in effective specific impulse are not to exceed one half of 
one per cent. 


where P., 


y-! 


(9) 
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~~, A,=Combustion chamber cross sec- 
Pp tional area 
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A,=Nozzle throat cross sectional 
© area 


P,=Ambient pressure 
\ P.,,=Chamber pressure when A,/A, 
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Ficure 5. Percentage loss in specific impulse with respect to the 
ratio Ac/At. 


The foregoing argument favours values of A./A, 
greater than 2-0 and the percentage loss in specific 
impulse is more than halved by increasing the ratio to 4-0. 
For a specified thrust rating this implies an increase in 
combustion chamber diameter by a factor of ./2 with a 
consequent increase in weight, but with reduced rates of 
heat transfer, as will be seen later. 

Although given at some length, the foregoing is a 
simplified discourse of our studies into combustion 
chamber size and shape and a summary of the semi- 
empirical design code which we adopted is given below. 
It conforms with the “infinite motor concept” and for a 
given propellent combination the following scaling laws 
apply :— 

(a) Constant combustion chamber pressure. 

(b) Cylindrical combustion chamber of constant 

length, L.. 

(c) Constant ratio of chamber cross-sectional area to 
propelling nozzle throat area (A./A;). 

(d) Constant size, configuration and spatial dis- 
tribution of individual elements in a “repetitive 
pattern”’ injection system. 

(e) Number of elements in injection system pro- 
portional to thrust and therefore, proportional 
to chamber cross-sectional area, A.. 

(f) Constant differential pressure across injection 
elements. 


The minimum length of the cylindrical combustion 
chamber was considered to be 15 inches. 

The area ratios (A./A:) worthy of study were con- 
sidered to lie within the values 2-0-4-0. 


6. Some Considerations on Heat Transfer 


Accepting that stable combustion conditions exist, 
the survival of a rocket combustion chamber is more 
dependent on the cooling of the walls than on any other 
factor. Inadequate cooling usually results in rapid and 
spectacular failure. Earlier I stated that we were thrown 
into some doubt about the quantitative laws of heat 
transfer from the combustion gases to the walls and an 
extensive survey by McLauchlan of experimental data 
over a wide range of size of rocket engines, operating on a 
variety of propellents, did not allay these doubts. 
However, we were convinced of the soundness of 
McLauchlan’s analysis for the purposes of comparison, 
so all that was necessary was to establish a datum, based 
on experimental results at a particular size of chamber, 
in order to obtain reliable cooling requirements for other 


sizes. 


It is as well to appreciate that if constructional 
materials for the chamber walls were available, which 
could withstand the combustion temperatures and which 
had negligible coefficients of thermal conductivity, 
then no cooling problems would exist. Practical con- 
siderations dictate the use of established engineering 
materials such as steel, nickel or copper and, somewhat 
paradoxically, with them, we require the highest possible 
thermal conductivity. For our studies nickel was selected 
and at this stage it will be necessary to anticipate some 
of the factual design data which are presented later. 
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With our self-imposed condition to be as realistic as 
possible we had no option but to adopt regenerative 
cooling and the kerosine fuel was selected as the coolant. 
For constructional and cooling purposes the combustion 
chamber and propelling nozzle were regarded as a single 
unit which was formed by an assembly of tubes, each 
tube being of rectangular cross-section and lying co- 
planar with the central axis of the chamber and nozzle 
and so shaped that in this plane the inner side of the tube 
followed the axial contour of the chamber and propelling 
nozzle, from the injector head to the exit plane. For a 
tube originally of uniform bore and wall thickness the 
circumferential perimeter is constant so when shaped to 
the chamber nozzle contour and into a rectangular 
cross-section the “radial depth” and “circumferential 
width” varied as the radial distance from the chamber 
axis changed. Simply stated: 


Radial depth + circumferential width = 
half the perimeter =constant 
and 
Number of tubes x circumferential width = 
™ x diameter of chamber or propelling nozzle. 


This simple geometrical requirement imposed changes in 
the cross-sectional area of the tube, the smallest areas 
occurring at the minimum and maximum diameters, i.e. 
the throat of the nozzle and the exit plane of the nozzle. 
In so far as this ensured higher than mean coolant 
velocity near the throat the reduction in area was 
beneficial, but in other respects was a penalty because the 
driving pressure had to be increased. In the larger 
chambers this penalty was mitigated to some extent by 
bifurcating the tubes in the divergent cone of the nozzle. 

In this form of chamber and nozzie construction the 
tubes themselves are virtually relieved of all stresses 
except those imposed by the pressure of the liquid 
coolant and in some measure the “Square-Cube Law” 
has been by-passed. Nevertheless, stress considerations 
did permit a reduction in tube thickness as the size was 
reduced, but because of certain fears on our part we 
decided to standardise on a wall thickness of 0-012 inches. 
This was one more example of realism, or ignorance, 
dictating our design and aggravating the weight penalty 
as size diminished and also, accentuating the cooling 
difficulties. However, as an investment against possible 
developments, the smaller engines contained more 
“built in” potential and this is referred to later. 

The tube passages were so arranged that the kerosine 
coolant entered alternate tubes at the injector head end, 
flowed to the propelling nozzle exit end and returned 
to the injector head via the adjacent tubes. The total 
temperature of the combustion gases was taken as 
3,500°K and bearing in mind the (strength: temperature) 
data for nickel, 500°C. was considered to be a reasonable 
upper limit for the wall temperature on the gas face. 
As this temperature is above the critical temperature of 
the coolant (395°C.) it was also considered reasonable to 
limit the bulk temperature rise of the coolant to about 
200° C. (i.e. limiting the heat input to the coolant to about 
50 per cent of its heat capacity). 

It was estimated that the radiative component of the 
heat transfer from the gas to the wall would not exceed 


10 per cent of the convective component, and this on the 
largest diameter of chamber, so it was ignored. Thys, 
convection accounted for all the heat transfer from the 
gas to the wall and it was assumed that developed pipe 
flow conditions prevailed. From the earlier discussion 
on combustion it will be appreciated that such ap 
assumption is patently wrong and accounts in part for oy 
inability to estimate closely the quantitative laws of hea 
transfer. However, this assumption does not invalidate 
our comparative assessments of heat transfer rates, 

The convective heat transfer from the gas to the wall 
was assumed to be governed by a relation of the form 

Nu=A, (Re)”® (Pr) 
where _ is the Nusselt number, = 

h,w is the heat transfer coefficient from gas to 
wall in calories per second per square 
centimetre per degree C of difference 
between the total temperature of the gas 
and the actual wall face temperature 
(cal. sec.-* cm.~? deg. C~'). 

d is a characteristic length (cm.), normally 
taken as the diameter of the chamber or 
nozzle at the axial position considered. 

k, is the thermal conductivity of the gas in 
calories per square centimetre per 
second per unit temperature gradient 
(cal. cm.~* sec.~* deg. C~’). 

Vedbs 
Pe 
Pr is the Prandtl number, = Cots 


assumed constant throughout. 
V, is the gas velocity (cm. sec.~’). 
p, is the gas density (gm. cm.~*). 
tg is the gas viscosity in poise 
(gm. cm.~* sec.~*). 
b isa constant. 
A, is a constant for a given gas temperature 
and pressure and is independent of scale. 


Re _ is the Reynolds number, = 


Our premises permit us therefore to write 
hgwd OC(V, . : & 
and a similar relation 
OC(V 
holds for the convective heat transfer from wall to 


coolant, where d, is the hydraulic diameter of the tube. 


The heat transfer through the wall is governed by the 
relation 
where @Q is the heat flux (cal. cm.~* sec.~*). 
k» is the thermal conductivity of the material 
of the wall (cal. cm.~ sec.~* deg. C~'). 
AT is the temperature drop across the wall 
(deg. C). 
8 is the thickness of the wall (cm.). 
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Generally therefore, the heat transfer coefficient on 
both sides of the wall at any given position is governed 
by the relation 

ho V°'d-*? (13) 


On the gas side, it is evident that the temperature 
drop from the gas to the wall is not greatly affected by 
appreciable changes in wall face temperature. For 
example, a change of 100°C. in wall temperature (from 
say 800°K to 700°K) with a gas temperature of 3,500°K 
will make less than 4 per cent difference in heat flux. 
On the gas side therefore we may reasonably compare 
convective heat transfer rates in terms of the heat transfer 
coefficient, and reverting for the moment to the assump- 
tion of geometrical similarity, we get the following 
tabulation for the comparative heat transfer rates, or 
heat flux densities, as the number of engines, N, increases 
from 1 to 32. 


N 1 2 - 8 16 32 
h 0-71 0-76 0-81 0-87 0-93 1-00 


Thus the heat transfer per unit area at a corresponding 
position in the chamber or nozzle increases as the size of 
engine diminishes. Over the range chosen, 200,000 Ib. 
thrust to 6,250 Ib. thrust, the increase is about 40 per cent. 

Now it will be seen that if we have geometrical 
similarity throughout the engine the velocities of the 
coolant in the tubes at corresponding points will be 
independent of scale and so will be the pressure differ- 
ential required to produce these velocities, except in so far 
as the friction coefficient will vary with Reynolds 
number. The heat transfer coefficient, h,,., from wall 
to coolant will increase as the size diminishes in the 


same manner as given in the tabulation above. As the 


temperature drop through the wall will decrease in- 
versely as / N for a given heat flux, the effect will be to 
lower the temperature of the wall on its gas face. Thus 
if equilibrium can be established in the largest engine 
there will be no difficulty in this respect as the scale is 
reduced; but as the heat flux does increase, the thermal 
capacity of the coolant may become a limiting factor. 


TABLE I 
BULK TEMPERATURE RISES, DEG. C., OF THE COOLANT IN PASSING THROUGH THE COMBUSTION CHAMBER JACKETS. 


However, we have departed from geometrical 
similarity in many important respects. First, our 
considerations on combustion requirements dictated a 
constant cylindrical length of chamber. Secondly, we 
decided on constant wall thickness and this in turn 
dictated reductions in the number of tubes used as the 
size of chamber diminished. These departures all 
tended to aggravate the cooling requirements and were 
made manifest in greater pressure differentials across 
the cooling passages and estimated bulk temperature 
rises of the coolant in excess of our selected maximum. 
Because of doubts about the absolute values of heat 
transfer the most important conclusion one may draw 
from these considerations is in the form of a warning 
that there will be a limit of size below which regenerative 
cooling is not feasible. 

Reverting to the increased coolant pressure differ- 
ential as the size is reduced, the extra pumping work 
required has to be imparted by the turbo-pump unit 
and this has to be interpreted as reduced effective specific 
impulse, as will be revealed later. The calculated values 
of the pressure drop for each size of engine were:— 


N 1 2 4 8 16 32 
A P (Ib./in.”) 120 136 156 186 245 330 


The calculated values of the bulk temperature rises for 
the chambers investigated are given in Table I, based on 
120°C for the 200,000 Ib. thrust unit, with the ratio 
A,=2°0. 

It is recognised that the foregoing account does less 
than justice to the vital problems which have to be solved 
to ensure adequate cooling of a rocket combustion 
chamber. In this context it is possible only to indicate 
that the problems were recognised and that due heed was 
taken of the warnings given. On the evidence available 
it would appear that our calculations over-estimated the 
heat transfer rates yet, knowing how sensitive heat 
transfer rates are to small design changes particularly in 
the propellent injectors, we have no justification for 
“writing down” our calculated figures. Until other 


Cylindrical | Ratio of Chamber | Temperature Rise (Deg. C) 
Chamber Length Cross-Sectional Area | ' 
(in.) to Nozzle Throat Area; N | 2 | 4 8 16 32 
(Ac/At) 
| | 
| 2-0 | 144 176 23 29 390 
15 2-5 | 140 170 
3-0 135 164 204 =| 347 
| 4-0 131 |) 325 
| | | 
| 2-0 160 203 261 | 347 =! 
20 | 2-5 155 195 249 328 sce 
| 3-0 150 186 236 310 a 
| 4-0 144 178 224 291 _ 
| 2-0 177 228 299 | 390 an 
25 | 2-5 171 217 283 
3-0 | 164 | 207 269 346 be 
| 4-0 | 157 197 254 324 si 


960) 
the 
Us, 
the 
On 
an 
ur 
“at 
ite | 
al 
q 
q 
ai 

| 


726 VOL. 64 JOURNAL OF THE ROYAL AERONAUTICAL SOCIETY DECEMBER 1960 
methods of calculating heat transfer rates (such as TABLE II 
suggested by Lewis at R.P.E., and Spalding at Imperial TRANSIT TIME OF THE GASES THROUGH THE PROPELLING NOZZLES, 
College) are verified, we have no alternative but to assume a 
developed pipe flow conditions and use the relations Time in milliseconds spent in expansion to: 
given. We have reasonable confidence in the results for N Throat hen Pi 
comparative purposes, particularly as they confirm what nied 
one would expect from purely intuitive deductions. 1 0-56 1-10 
The important findings may be summarised as 
foliows 2 0-40 0-79 
(a) Of the heat generated within a combustion 4 0-28 0-55 
chamber, the percentage transferred to the coolant — 
increases as the size diminishes. This trend is 8 39 
aggravated by the departures from geometrical 16 0-14 0-28 
similarity, particularly the adoption of constant 
cylindrical length of chamber. 32 0-10 0-20 


(5) At a constant level of thrust, an increase in the 
cross-sectional area of the chamber (i.e. an 
increase in A,./A,) tends to reduce the heat trans- 
ferred to the coolant. This is to be expected 
because the (surface : volume) ratio of the 
chamber is diminished and the general axial 
velocity of the gases is reduced. 


(c) A lower limit on combustion chamber size may be 
imposed because the thermal capacity of the 
coolant is reached. 


(d) Because of the departures from geometrical 
similarity the pressure differential across the cool- 
ant passages increases as the size diminishes and 
this necessitates a proportionate increase in the 
pumping power, which is interpreted as a reduc- 
tion in effective specific impulse of the propellents. 


7. The Expansion Process Through the 
Propelling Nozzle 


The propelling nozzle is an important component of 
the rocket engine as its form dictates the conversion of the 
enthalpy of the combustion products into kinetic energy. 
No rocket engine worthy of the name would have any- 
thing but a convergent-divergent nozzle in order to ensure 
the maximum utilisation of the pressure differential 
available. The significance of the ratio 


combustion chamber cross-sectional area 
nozzle throat area 


has already been established using the relation (9). 
Now this relation is derived on the assumption that 
thermodynamic equilibrium is established within the 
chamber and that the flow from the nozzle is uni- 
dimensional and isentropic. These assumptions imply 
that the energy conversion is independent of nozzle size, 
but there are processes at work which require finite 
periods of time and are, therefore, sensitive to scale. 
The combined effect of these processes on specific 
impulse is no more than a few per cent and the variation 
with size is correspondingly less. Nevertheless, because 
of the relative significance of engine weight to specific 
impulse they had to be considered and in this section 
the analysis by Askew and Williams is summarised. 

The departures from simple theory are made up in 


part by the following phenomena, which are scale 
dependent :— 


(a) relaxation of the internal modes of energy and 

molecular recombination, 

(6) heat transfer and friction, causing an increase of 

entropy. 
As regards (a), scale is significant because of the influence 
of time and Table II gives the transit times of the gases 
through the nozzles, the engine size being indicated as 
usual by the number N, necessary to give 200,000 |b. 
thrust. 

Of the internal modes of energy—translational, 
rotational and vibrational—the first two have relaxation 
times of the order of 10-* and 10~*° seconds respectively 
and reference to Table II suggests that their effects may be 
ignored. However, vibrational relaxation may need a 
time of the order of 10-* seconds and thus the degree of 
relaxation may be affected by engine size. 

Any chemical recombination that occurs must follow 
the relaxation process and the rates are much dependent 


(sec) 
3400 SHIFTING EQUILIBRIUM 260 
4 su 
3300 4 ~ 
3200 250 
3100 
7P= 300 18 /SQ IN ABS 
3000 240 
OXIDANT : LIQUID OXYGEN 
FUEL =: KEROSENE 
(86% 14%oH, BY WEIGHT) 
2900 
2800 230 
8 2-0 22 24 2-6 2-8 70 


OXIDANT 
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FicurE 6. Variation of combustion chamber temperature and 
propellent specific impulse with respect to mixture ratio. 
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on the constituents of the gas, possibly extending up to 
100 times the relaxation time. As in the case of cooling 
the combustion chamber, the smaller the nozzle the 
greater is the cooling rate and this may retard the 
recombination processes. Thus the indications are that 
the phenomena in (a) are likely to lead to a comparative 
degradation of performance as the engine size is reduced. 
To determine the possible extent of this degradation 
some further assumptions were necessary. The worst 
performance will be given if there is no relaxation of 
internal energies and no chemical recombination (frozen 
equilibrium) and the best will be obtained with fully 
mobile equilibrium. 

The two curves in Fig. 6 show a difference of 4 per 
cent in specific impulse for these extremes. In the present 
context 5 per cent difference was taken as being more 
representative for the selected conditions. It was then 
assumed that in a transit time of 10-° seconds or less no 
relaxation nor recombination could take place, but in a 
time of 10-% seconds fully mobile equilibrium prevailed. 
For intermediate periods a fraction of the 5 per cent was 
allowed, on the basis that the rate at which the equilibrium 
shifts occur would be logarithmic, depending as one 
might suppose, on the concentrations of various 
components. 

Based on the transit times given in Table II the 
following tabulation shows the percentage loss in specific 
impulse as the size of the engine is reduced from 200,000 
lb. thrust :— 

N 1 2 4 8 16 32 
Al/I percent 0 0-25 065 1:00 1:40 = 1:75 


As regards the losses due to the phenomena in (5), the 
uncertainties of relevant theories and the absence of 
reliable experimental data made us once more exercise our 
discretion in the selection of analytical methods. Because 
the greater part of the heat which is abstracted from the 
efflux gases is transferred to the coolant and returned to 
the system at a higher pressure, heat transfer losses were 
ignored. Despite all the other changes, no departure 
was made from geometrical similarity in the internal 
dimensions of the nozzles and therefore the total wetted 
surface of the nozzles of N engines remained constant 
as N varied from 1-32. It was deduced therefore that 
any variation in the losses due to friction would be small 
and due solely to changes in the Fanning friction factor 
“f’ with respect to Reynolds number, based on length, 
Re,. Based on Monaghan’s work at the R.A.E. we used 
the relation 

f=constant x Re,~°? 

= constant x N°". 16 
For what is now reported the value of “f” for N=1 was 
taken as 0-005, but in our original studies values from 
0:0025 to 0-0075 were examined. In view of Durham’s 
experiments’ from which he deduced a value for “f” 
of 0-010 for cold air exhausting through a nozzle of 0:5 
inch throat diameter and 15° divergence semi-angle, the 
selected value of 0-005 seems a fair choice. To interpret 
the frictional loss as a loss in specific impulse, Coulter’s 
telation® 

Loss in specific impulse AJ _ 


was used, where 


® is a function of area ratio, equal to 1-18 
in this context. 


a is the divergence semi-angle, 15°. 
cot «=3-7321. 
Therefore the difference in the losses as the size varied is 
given by: 


=0-011 (N°* —1) (16) 
and the percentage losses are:— 
N 4 8 16 32 


Diff. (AJ/I) per cent 0 0:08 0:16 0:26 0:36 046 


It should be emphasised that the foregoing arguments 
merely indicate what may be a possible trend as size is 
reduced, but there are few experimental data yet available 
to confirm or deny this trend. In fact what are available 
are conflicting, chiefly because experimental techniques 
are not sufficiently refined, but it is our hope at the Rocket 
Propulsion Establishment to overcome these obstacles 
in the near future. 


8. The Weight Estimates of the Combustion 
Chambers and Propelling Nozzles 

In Section 6 is was stated that for constructional 
purposes the combustion chamber and propelling nozzle 
should be regarded as one unit and many of the depar- 
tures from geometrical scaling are mentioned. Some of 
these departures were deemed necessary to meet com- 
bustion requirements stemming from the “infinite motor 
concept” and others were dictated from purely practical 
considerations. In this Section reference is made to other 
design features and an analysis of the weights is given, as 
determined by Laurillard and Carter. 

The infinite motor concept demands that we keep 
constant the propellent injection characteristics irrespec- 
tive of chamber size and that the number of injectors be 
directly proportional to thrust. With the injection 
orifices of constant diameter it followed that the injection 
plate should be of constant thickness and the propellent 
distribution plate behind the injector plate was designed 
as a casting having a constant thickness of 0-125 inches. 
The minimum size of screw selected for holding the 
complete head assembly together was 2 BA (0-184 in. 
diameter) (the true scaled diameter of screw for the 
smallest chamber would be 0-06 in.) and thus on the 
smaller chambers the flange diameters and thicknesses 
were greater than demanded by scale. 

As the cylindrical length of the combustion chamber 
L,, and the ratio of (combustion chamber cross-sectional 
area: nozzle throat area) have been accepted as important 
factors governing performance an identification system 
was devised to specify a particular chamber. Thus 
N/L,/(A./A:) identifies a complete chamber and nozzle 
assembly, where N is the number of engines required to 
give 200,000 lb. thrust and by way of example, 4/15/2 
designates the engine of 50,000 Ib. thrust with 15 in. as the 
cylindrical length of the combustion chamber and an 
area ratio (A./A,) of 2. 
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Ficure 7. Combustion chamber geometry. LETTERS REFER TO TABLE IY 
PRINCIPAL DIMENSIONS OF THE SCALED COMBUSTION CHAMBERS. 
FiGure 8. Variation in gross “dry” weights of combustion 
N Di De Ds Li Le Le | R chamber assemblies for fixed area ratio (Ac/A:=2). 
| 
1 25-20 | 18-72 | 43-65 | 15-00 | 28-89 | 76-64 9-35 illustrates the nomenclature adopted and is self: 
explanatory. 
2 17-82 | 13-24 | 30-87 | 10-60 | 20-42 | 54-18 | 6-61 Taking the chamber specified by 1/15/2 as standard, 
Table III gives the dimensions in inches, as marked in 
4 Fig. 7, if true geometrical scaling had been followed and 
8 8-91 | 6-62 | 15-43 | 5-30 | 10-21 | 27-09 | 3-30 it serves to drive home the lack of realism attached to 
such a process. 
16 6-30 | 4-68 | 10-91 | 3-75 | 7-23 | 19-17 | 2-34 Continuing with a chamber specified by 1/15/2 as 
32 4-45| 3-31 | 7-721 2-65| 5-10 | 13-54 | 1-65 standard, Table IV gives the gross weights of the dry 
scaled chambers, first to the dimensions given in Table 


In the ensuing text the term “gross weight” is used 


frequently and when applied to a particular component 
it signifies the total weight of all such components 
required in the specified number of engines necessary 
to give 200,000 Ib. thrust. 

The most succinct way to present our weight analysis 
is by the use of tables and graphs, indicating in a step- 
wise manner the additive weight penalties as the depar- 
tures from geometrical scaling were imposed. Fig. 7 
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Figure 9. Variation in gross “dry” weights of combustion 
chamber assemblies for area ratios Ac/At=2 to 4. 
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III, secondly adjusted for departures from geometrical 
similarity in the injector heads, thirdly adjusted for three 
values of cylindrical chamber length, L., (=L,) and 
finally adjusted for constant tube thickness 0-012 in. 
The weight values given in Table IV are plotted in Fig. 
8 which shows clearly the increasing penalties as the size 
is reduced. 

It was next necessary to consider the effect of increas- 
ing the ratio 

combustion chamber cross-sectional area 
nozzle throat area 


and Table V shows the gross “‘dry’”’ weights for value of 


z 
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16 32 


Ficure 10. Variation in gross “wet” weights of combustion 
chamber assemblies. 
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TABLE IV 


GROSS WEIGHTS (Ib.) OF DRY CHAMBER ASSEMBLIES. 


h 


| | | 
a | b c d | e | f g 


| Scaled, adjusted for injectors, adjusted for Le 


Scaled, adjusted for injectors, adjusted for Le, 
adjusted for tube thickness 


N | Scaled from | Scaled but adjusted 


1/15/2 for injectors | | 
| Le=20 Le=25 | Le=15 Le=20 | Le=25 
4 570 | 570 510 | (596 | 623 570 | 596 
2 | 404 412 435 | 462 | 489 | 453 503 533 
4 | 26 | 311 | | 378 44 | 458 | 493 
8 202 248 300 307 354 | 405 443 484 
| 13 215 2s | 302 | 323 | 411 | 462 511 
32 «| (101 188 | 254 | 281 552 
| 
TABLE V 


GROSS WEIGHTS (Ib.) OF DRY CHAMBER ASSEMBLIES WITH VARYING CHAMBER: THROAT AREA RATIO. 


| 


L.=15 in. e=20 in. Le=25 in. 
1 570 705 | 863 | 1236 | 596 | 736 | 899 | 1281 623. | (767 931 | 1326 
2 453 | 576 | 697 | 968 | 503 ! 611 | 736 | 1016 533 | 646 | 775 1063 
4 | 424 | $06 | 600 | g07 | 458 | 545 | 644 | 859 493 584 687 912 
8 | 405 | 47 so | 712 | 443 | 518 | 599 | ™ | 484 563 | 649 830 
6 | 4 | 467 | 534 | 673 | 462 | sa | 590 740 511 | 575 | 650 804 
32 | 431 | 484 sal | 674 492 | 549 611 756 552 | 614 | 681 835 
TABLE VI 
GROSS WET WEIGHTS OF CHAMBER ASSEMBLIES. 
e=15in. | Le=20 in. | Le=25 in. 
Ac/At | Ac/At 
2 2-5 3 2-5 3 4 4 
1 758 921 | wii | 1532 790 957 | 1152 | 1582 822 | 994 | 1190 | 1632 
2 607 730 874 | 1191 642 770 918 | 1244 677 | 810 | 962 | 1296 
4 523 618 730 968 | 562 662 778 | 1024 597 706 | 827 | 1082 
8 479 557 646 | 831 522 605 700 895 568 657 | 755 959 
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A./ A; of 2, 2:5, 3 and 4. The values for A./A,=2 are 
those of columns /, g and h in Table IV. 

These weight figures are plotted in Fig. 9 which shows 
minima occurring near N=8 for A./A,=2 and shifting 
towards N= 16 for A./A.=4. 

One more addition yet remains to be made to the 
weights already given because in practice the chamber 
tubes will always be full of fuel, acting as coolant, and the 
dome of the injector head will contain a quantity of 
oxidant. Table VI and Fig. 10 show the gross “wet” 
weights of the chamber assemblies, with the lowest 
minimum value now occuring at N somewhat greater 
than 8 and the highest minimum value at N greater 
than 16. 

At this stage certain trends will be apparent but it 
would be premature to draw any conclusions except 
in a limited sense. Both from considerations of heat 
transfer and weight it is obviously desirable to keep the 
length of the cylindrical combustion chamber as small as 
possible, consistent with no impairment of combustion 
efficiency. Increasing the area ratio, A./A:, reduces the 
heat transfer rate and reduces slightly the intrinsic 
losses in specific impulse, but the penalty in increased 
weight is a heavy one. 


9. The Weight Estimates of the Turbo-Pump 
Units 

The turbo-pump unit of a rocket engine as depicted 
in Fig. 1, weighs much the same as the combustion 
chamber unit and also has practical limitations and 
variations of efficiency as size is reduced. For our 
exercise at the Rocket Propulsion Establishment, 
Henderson and Ward made design studies of geared and 
direct drive units, but it was not possible to make the 
two studies strictly comparable. As with the combustion 
chambers, practical realism was observed with the result 
that the weight penalties tended to increase as the size was 
reduced. In this paper attention is focused on the geared 
unit which proved to be somewhat lighter than the 
direct drive unit except for values of N greater than 8. 
Our practical realism, however, may be considered to 
have manifested itself in conservative designs somewhat 
less favourable to the direct drive unit. 

A supply from the main rocket propellents, at a fuel: 
oxidant ratio of 1: 0-3, reacting in a gas generator was 
assumed to provide gas at 450 lb./in.? pressure and a 
temperature of 800°C to an axial flow impulse turbine, 
having a maximum speed at mean blade height of 1,300 
ft./sec. A further arbitrary limit of 30,000 r.p.m. was 
imposed which fixed the minimum diameter of turbine 
at mean blade height of 10 in. The lowest acceptable 
value of the hub: tip ratio was taken as 0-8 and the 
smallest blade height was 0-75 in. It was considered 
that the limit on rotational speed would avoid difficulties 
with bearings and whirling of shafts and the lower limit 
on diameter ensured a reasonable thermal capacity in the 
smallest disc. The limit on hub: tip ratio ensured radial 
equilibrium of the gases and the minimum blade height 
avoided too low Reynolds numbers. By adopting a 
particular method of calculation no particular value 
had to be assigned to turbine efficiency, but it may be 
deduced that it was around 65 per cent. It was assumed 
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to be constant as were the losses in gears and bearing 
throughout the range of sizes considered. 

The governing factor in centrifugal pump design j 
usually the onset of cavitation at, or near, the entry to th: 
impeller. Low inlet pressure and high speed aggravate 
this condition, which is related to “Suction Specific 
Speed”, an expression based on dimensional theory 


given by 
nJ/Q 


where nis the rotational speed 
Q is the volume flow rate 
H, is the net positive suction head. 

Using r.p.m., gallons per minute and feet of liquid, it was 
considered that a value of 12,000 should not be exceeded, 
although it was recognised that developments may 
permit higher figures in due course. 

The efficiencies of both the fuel and oxidant pumps 
were assumed to be the same and given by the relation: 


np=1—-0-3N°?. 


The inlet pressure to both pumps was taken as 35 |b./in? 
absolute and the delivery pressure of the oxidant pump 
was 685 Ib./in.2 absolute, irrespective of size. Because 
of the variation in pressure differential across the coolant 
passages the kerosine pump delivery pressure increased 
as N increased according to the values given in Table VII. 

Because the gas generators take some fraction of the 
total propellent consumed, the net specific impulse is less 
than that of the combustion chamber and, as already 
shown, this reduction in specific impulse is equivalent 
to an effective increase in engine weight. Also, because 
the efficiencies of the pumps fall off as the size is reduced 
and because the kerosine pump pressure has to increase, 
the effective specific impulse falls off, leading to an 
increasing weight penalty. 

The departures from geometrical similarity when 
designing the combustion chambers were introduced to 
ensure constant combustion efficiency and a chamber 
specific impulse of 250 Ib. sec./Ib. was assumed through- 
out. For the largest unit (V=1) a value of 247 Ib. sec./Ib. 
was taken for the net specific impulse and it follows that 
the gas generator for this unit consumed propellent 
at the rate of 10 lb./sec. For the total consumption of 
N gas generators the following relation was used: 


where fy is the propellent consumption of N gas 
generators in Ib./sec. (f, = 10) 
whx is the pressure differential across the kerosine 
pump 
who is the pressure differential across the oxidant 
pump (650 Ib./in. 2) 
px is the specific gravity of the kerosine (0-8) 
Po is the specific gravity of the oxidant (1-13) 
é is a constant (0-00309) determined from the 
values when N= 1 
yyp_ is the pump efficiency. 


*The figure 2:25 in equation (18) accounts for the overall 
oxidant : fuel ratio in the engine. 
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|. E. P. DUNNING THE OPTIMUM SIZE OF 
TABLE VII 
TURBO-PUMP PERFORMANCE DATA 
N | 1 | 2 | 4 8 16 32 
| 0:7 0-65 0-60 0-55 | 0-48 0-40 
he | 770 | 786 | 806 | 836 | 895 | 980 
ho | 650 | 650 | 650 | 650 | 650 | 650 
| wl 2 | | 19 
Alper | 0 0-123 0-246 0-369) 0-615) 1-12 
] cent 


The percentage reductions in specific impulse given 
in Table VII are accounted for later as effective increases 
in engine weight. 

It yet remains to give the “weighed” weights of the 
turbo-pump units. These were calculated from actual 
designs, using the criteria mentioned above, and checked 
against the weights of existing units. Here one cannot go 
into elaborate detail on mechanical design features, but 
our figures are given in Table VIII and from these it is 
believed that an expert will deduce that we did not depart 
from our sense of realism, which has been stressed 
throughout this paper. 

For the present it is necessary only to remark that the 
minimum weight occurs almost precisely at N=4 and 
to note the rapid increase in weight for values of N 
greater than 8. 


10. The Weight Estimates of the Propellent 
Supply and Control Systems and of 
the Mounting Structure 

As with the exercise on the turbo-pump units, the one 
undertaken by Bligh and Laurillard on the design and 
weight assessments of the propelient systems and 
mounting structures was a judicious mixture of scaling 


TABLE IX 
GROSS WEIGHTS OF PROPELLENT SUPPLY AND CONTROL SYSTEMS, WITH INDIVIDUAL CONTROLS FOR EACH ENGINE. 
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TABLE VIII 
TURBO-PUMP WEIGHTS._ 
Gross 
weight of turbo-pump 
unit. (Ib.) 653 580 544 582 806 | 1312 
procedure and actual component design. Similar 


limitations on the minimum size of such components as 
bolts, flanges and castings were imposed and a minimum 
value of 0-028 in. was accepted for the thickness of any 
pipe. 

The propellent feed system was considered to com- 
prise the following services: 


(a) The oxidant supply pipes and valves, but excluding 
the turbo-pump. 

(b) The fuel supply pipes and valves, but excluding 
the turbo-pump. 

(c) The gas generator system, including gas generator, 
control valves and pipes. 

(d) The pneumatic system including solenoid valves, 
pressure regulator, pipes and support frame, but 
excluding the gas bottle. 

(e) The electrical system including junction box, 
relays, cables and so on, but excluding the energy 
source. 


Each complete assembly was designed to have a fuel 
“on-off” valve and an oxidant “on-off” valve at the 
outlets of the respective tanks, connected by suitable 
manifolds to the pump inlets. The outlets of the pumps 
led to their respective combustion chambers, each 
through fuel and oxidant “‘on-off” valves. It will have 
been surmised that all these valves were pneumatically 
operated through solenoid controlled servo-valves. As 
will be seen from Table IX, the weight assessment of the 


N | 1 


2 


"Gross Dry Weights. (\b.) 


| 4 8 16 32 


Fuel Supply System... — a4 95 82 74 72 71 76 
Oxidant Supply System 126 117 104 98 97 104 
Gas Generator System ee Fes 68 62 58 55 52 51 
Pneumatic Control System... Pre 40 68 125 242 476 944 
Electrical Control System ane rae 21 37 67 122 229 437 

Total 350 366 428 589 925 1612 


Gross Wet Weights. (1b.) 


Fuel Supply System 340 330 300 282 270 268 
Oxidant Supply System . 622 640 588 554 533 526 
Gas Generator System “aa si 68 62 58 55 52 51 
Pneumatic Control System... aa 40 68 125 242 476 vd 
Electrical Control! System of ee | 21 37 67 122 229 437 

Total | 1091 1137 1138 1255 1560 | 2226 
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TABLE X 
GROSS WET WEIGHTS OF PROPELLENT SUPPLY AND CONTROL SYSTEMS, WITH UNIFIED CONTROL. 
N 1 2 4 8 16 32 
Fuel Supply System (Ib.) = 340 330 300 282 270 268 
Oxidant Supply System (Ib.) 622 640 588 554 533 526 
Gas Generator System (Ib.) oe 68 62 58 55 52 51 
Pneumatic Control System (Ib.) as 40 48 61 85 132 223 
Electrical Control System (Ib.) Bea 21 Pa 35 46 65 97 
Total (Ib.) 1091 1107 1041 1022 1052 1165 
TABLE XI 


GROSS WEIGHTS OF ENGINE MOUNTINGS FOR SINGLE AND MULTI-ENGINED UNITS WITH FIXED LINE OF THRUST AND MOVABLE 
LINES OF THRUST. 


N 1 2 4 8 16 32 

Fixed Units F 387 360 361 400 490 692 

One unit swivelling in two planes 534 
Two units swivelling in one plane, re- 

maining units fixed ... — 475 413 425 500 697 
Four units, swivelling in one plane, r re- 

maining units fixed ... 465 452 510 702 


pneumatic and electrical control systems for the multi- 
engined units was based in the first instance on the 
assumption that each unit had its own control system. 
It will be apparent that many components in these systems 
do not scale down in weight, so their gross weight will be 
proportional to N. If it were possible to scale down these 
components then the basic engine (V=1) would also 
benefit. The multi-engined units would benefit greatly 
‘2 by the adoption of a common or unified control system 
ae a" and the weight assessments of such are given in Table X. 
lle The other important fact which these Tables reveal 
is the high value of the “‘wet’’ weights of the systems, 
and as for the combustion chambers, it is the “wet” 
weights which are relevant. 

For the mounting structure a strong ring was 
assumed to be attached to the base of the bottom pro- 
pellent tank, to transmit the thrust loads. The base 
frames were designed to be self-supporting from the 


8 —TURBO-PUMP FRAME 


A-— UNIT FRAME 
THRUST MEMBERS 


Ficure 11. Structure for mounting a single engine of 


200,000 Ib. thrust. 


strong ring, i.e. they did not rely on any fairing or skirt} 


for support. All structural members were assumed to be 
made of steel tubes and their designs were based on the 
following: 


Permissible compressive stress ... ... 45 ton/in.? 
Ultimate load factor for —— 
members 2 
Proof load factor for tension members .. 1-5 
Maximum ratio of diameter of tube: 
thickness of tube san .. 80 
Maximum ratio of length of strut: radius 
of gyration . 20 


Once more the most succinct, if not the ‘only way to 
portray the structural designs is to refer to figures. 
Fig. 11 shows the mounting of a single engine of 200,00 
Ib. thrust, with fixed line of action, and Fig. 12 shows the 
mounting for four engines, each of 50,000 Ib. thrust, also 
with fixed line of action. 
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A. UNIT THRUST MEMBERS 


\ C. BASE FRAME THRUST MEMBERS 


FiGure 12. Structure for mounting four engines each of 
50,000 Ib. thrust. 
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TABLE XII 
GROSS WET WEIGHTS OF COMPLETE ENGINES AND SUPPORTING STRUCTURE FOR THE PROVISION OF 200,000 Ib. THRUST. (Ib. units). 
| 
N | vee 4 8 | 16 32 
Combustion chamber and nozzle 
assembly... ... 758 607 «(523 479 469 | 473 
Turbo-pump assembly 653 | 580 | 544 582 | 806 1312 
Structural assembly... 534 475 465 452 510 702 
Propellent supply and control system 
assembly—multiple control ; 1091 1137 | 1138 1255 | 1560 2226 
Propellent supply and control system | 
assembly—unified control ... . 1091 1107 1042 1022 | 1052 | 1165 
Total A (multiple control) 3036 | 2799 2670 2768 3345 | 4713 
Total B (unified control) 3036 | 2769 2574 2535 2837 | 3652 
Total A as percentage increase on N=1 0 -7°8 -12-1 -8°8 +10-2 | +55 
-14-8* 
Total B as percentage increase on N=1 -8-8 -16°5 6:6 | 
-17-9* | 
* Combustion chamber tubes scaled. 
Designs were made for swivelling units and Table XI structure, thrust control in two orthogonal planes has 
gn 
gives the weight estimates. been taken as a requirement. Table XII has been com- 
piled on this basis, giving the gross wet weights of com- 
ll. The Weight Assessments for the plete engines to provide 200,000 lb. thrust, without any 
soe Complete Engines corrections for losses in specific impulse. Thus the 
The stage is now set for a selective summation of the Changes in. 
: — = di : single unit (V=1) also represent the percentage changes 
_ Weights given in the foregoing Tables and interpreting in specific weight of the smaller engines with respect to 
the losses in specific impulse as penalties in weight. the largest unit. 
The first selection to be made concerned the com- 
bustion chambers. Both the cylindrical length and the é P P may : 
ratio possible sources, namely, increasing kerosine pump 
delivery pressures, reduced propellent pump efficiencies, 
: reduced transit time in the propelling nozzle and increased 
nozzle throat cross-sectional area frictional losses. In Table XIII these losses have been 
have been designated important design criteria. For all interpreted as effective increases in weight on the basis 
thrust levels the minimum chamber weight occurs when that one per cent loss in specific impulse is equivalent 
the values of these two criteria are at their minimum to 10 per cent increase in engine weight. The figures in 
acceptable values, i.e. 15 in. and 2-0. If experimental Tables XII and XIII are shown graphically in Fig. 13. 
work confirms these minima as satisfactory on the grounds The immediate observations are that, as predicted, 
of combustion efficiency, stability and heat transfer, minima do occur in the specific weight values and at 
then there is little justification for going beyond them. thrust levels below 200,000 Ib. It should be stressed once 
It has been decided, therefore, in this present context to more that the selection of 200,000 Ib. as the datum thrust 
consider only the chambers designated N/15/2. For the has in no way determined the thrust levels at which the 
TABLE XIII 
PERCENTAGE LOSSES OF SPECIFIC IMPULSE WITH RESPECT TO N=1 AND EQUIVALENT PERCENTAGE INCREASE IN ENGINE WEIGHT. 
N 1 2 4 ee ee 32 
Due to reduced turbo-pump efficiencies 0 | 0-123 0-246 0-369 | 0-615 1-12 
Due to reduced transit time in pro- 
pelling nozzles ve a = 0 0-25 0-65 1-00 1-40 1-75 
Due to friction in the propelling nozzle 0 0-08 0-16 0-26 0-36 0-46 
Total 0 0-453 1-056 3-33 
Total, expressed as percentage increase | 
in engine weight 0 4-53 10°6 16°3 |’ 33-3 
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8o | A FOR MULTIPLE CONTROL 
B FOR UNIFIED CONTROL 
60 C CuRve'A’ CORRECTED FOR TURBO-PUMP LOSSES 
D curve'c’ CORRECTED FOR PROPELLING NOZZLE LOSSES 
4 € ror “souane cuse aw" 
: 
< 
\ c 
F ~ 
8 
DIFIED POSITION FOR CURVE'A’ WITH COMBUSTION 
ail CHAMBER TUBES SCALED IN THICKNESS 
MODIFIED POSITION FOR CURVE WITH COMBUSTION 
CHAMBER TUBES SCALED IN THICKNESS 
2s so 10° 200 


THRUST, Le x 10° 

Ficure 13. Percentage variations in specific weight as thrust is 

changed, with respect to specific weight of a single engine of 
200,000 Ib. thrust. 


minima occur, but the percentage changes are influenced 
by the value of the datum thrust. It is apparent also 
that departures from true geometrical scaling exact an 
increasing penalty as size is reduced and over-ride any 
intrinsic benefits of the “Square-Cube Law” at thrust 
levels below about 20,000 Ib. Nevertheless the important 
observation is, if only on considerations of weight, that 
there are benefits to be realised by a judicious choice of 
engine size. 

As curves A and B are derived from a summation of 
the weights of all the “wet” components, without 
allowance for any degradation in component efficiencies 
as the scale is reduced, they represent the percentage 
changes in weight which would be recorded if the units 
were actually weighed. 

Curve C is curve A corrected for the increased weight 
of propellent consumed over that consumed by the single 
engine of 200,000 Ib. thrust, due to the reduced pump 
efficiencies and higher delivery pressures of the kerosine 
pumps as the scale is reduced. As already shown, the 
10:1 relationship between the specific impulse and 
specific weight was used to make these corrections and it 
will now be appreciated that this relationship is dependent 
on the duration of thrust. It may be inferred that dura- 
tions approaching 200 sec. have been assumed. These 
remarks apply also to curve D which is curve C corrected 
for the losses due to the reduced transit time in the 
propelling nozzles and for the increased friction as the 
scale is reduced. As Table XIII shows, the former 
losses are the more serious, but somewhat paradoxically, 
most doubt attaches to them. If the relaxation processes 
are virtually complete in 10-* sec., and this is feasible, 
instead of 10-% sec. as assumed, no additional losses will 


be introduced as the scale is reduced. Experimenyj 
work has not yet revealed such losses and therefore cup, 
D may be considered to give the most pessimistic picty, 


Yet even so, the intrinsic benefits of the “Square-Cy 
Law” are not completely swamped. 


12. Discussion 


It is considered justifiable in view of the foregoing § {i 


remarks to take curve C as representative of our finding 


and by definition, the optimum size of engine is show} 


to be one giving 40—50,000 lb. thrust. Such an engix 
will have a specific weight about 10 per cent less thy 
one giving 200,000 Ib. thrust. By our selected premisa, 
this weight saving is equivalent to only one per cen 
increase in propellent specific impulse and, in vulgy 
parlance, one may be tempted to say ““So What?” 

First, it is of great significance that an “‘optimum” hy 
been established, no matter where it occurs in the thny 
spectrum. Before the R.P.E. studies, “the bigger th 
better” was almost an article of faith with the rocket 
fraternity and a great part of this fraternity live in 
America. Although they do not necessarily accept ow 
40-50,000 Ib. thrust level, many Americans do now 
agree with our general findings. 

Because “the bigger the better” is not true, th 
incentive to go on forever making bigger single units 
to meet demands for greater thrusts has been removed, 
but what is to replace this “‘singleness of purpose”? A 
literal interpretation of our findings would lead one to 


meet all thrust requirements greater than 100,000 Ib. by} 


multiple units, each of about 50,000 Ib. thrust. My 
preferred interpretation is to meet all thrust requirements 
above the 100,000 Ib. thrust level and up to, say, the 
1,000,000 Ib. level, by quadruple clusters of engines. 
Thus I should require a range of engine sizes from 
25,000 Ib.—250,000 Ib. thrust. Above the 1,000,000 bb. 
level I would not hesitate to cluster more than fou 
engines and thus avoid the development of a basic unit 
giving more than 250,000 lb. thrust Here I have resorted 
to the first person singular to stress deliberately that 
these views are mine and not necessarily those of the 
Ministry of Aviation. 

If one indulges in expressing preferences then some 
justification for them may be rightly demanded. Curves 
A and C of Fig. 13 show that at the 25,000 Ib. thrust level 
the specific weight is above the optimum, but curve 3 
gives an indication of possible developments and shows 
that the trend will be to shift the optimum down the 
thrust scale. Conservatism in design played an ever 
increasing part as our attention moved down the thrust 
scale with the result that the smaller engines possess more 
potential for development than do the larger ones. 
In this respect a factor of great importance is the operating 
pressure of the combustion chambers, which throughout 


the analysis on which this paper is based, was taken 4 | 


535 Ib./in.? absolute. As part of our studies Lewis 
investigated the effects of increasing the chamber 
pressure and concluded that at the 50,000 Ib. thrust level 
and below, a possible net improvement of 3 per cent i 
specific impulse was available on this score alone. 
The possible net improvement at the higher thrust levels 
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| will not be so great because some weight penalty will be 
incurred to maintain stresses at an acceptable limit. 
| Thus curves A, B, C (and D) will tend to shift their 
+ minima to lower weight figures at lower thrust levels, but 
it must be stated once more that the lower limit on size 


may be imposed by cooling considerations, which are not 


> mitigated by increasing the operating pressures. 


Considering now the stated preference for an upper 


| limit of size, assessed as 250,000 Ib. thrust, this appears so 
| far removed from the “optimum” as to have no logical 
| basis. Yet in what has already been stated, much logical 


justification has been implied. Apart from the actual 
cylindrical combustion chamber, the major components 
of the engine will adhere ever more closely to the “Square- 
Cube Law” as the thrust spectrum is broadened above 
the 200,000 Ib. level, and it may be stated with reasonable 
assurance that four 250,000 Ib. thrust units will weigh 
less than one 1,000,000 Ib. thrust unit and that the per- 
centage difference in weight will be greater than that for 
the same ratio of thrust shown in Fig. 13. But if 1,000,000 
lb. of thrust is required, why restrict oneself to a quad- 
ruple unit? If the 50,000 lb. thrust unit is the optimum, 
why not use twenty of them? It is considered that the 
soundest answer to this question is given by our studies 
of the controls and mounting structures of multiple 
units, the problems of which are more critically dependent 
on numbers of units than on size of units, and twenty 
seems excessive. Four seem to be a “natural” and up to 
nine are feasible. 

Perhaps there is little profit now in discussing numbers 
per se, but this discussion cannot be properly closed 
without touching on the relative reliability of single and 
multiple units. One hears frequently the argument that 


- reliability is lost as the number of working components 


is increased. In this respect, the most vociferous pro- 
ponent I know for big single rockets used to be the proud 
possessor of a 12-cylinder Cadillac and thought I was 
“nuts” for aspiring to own a twin-cylinder Dyna Panhard. 
Many of us now engaged in the rocket field were schooled 
in the era of piston type aero-engines, of which the most 
successful had 12 cylinders (or should I say 14?). If this 
analogy is accepted one is justified in saying that the 
number of components is no criterion of reliability. In 
fact, if research has indicated the right course, reliability 
is more dependent on development than on any other 
factor and the amount of development which one can 
undertake is dependent on (a) time available, (b) man 
power available and (c) size of unit to be developed. 
Time is always short and man power is always at a 
premium, but, if we plan correctly, we have some choice 
in the size of unit to be developed and certainly for the 


| case of rockets, the smaller the unit the greater is the 


development it can receive. Thus a cluster of rocket 
engines may well have much greater reliability than a 
single unit giving the same thrust, particularly so if the 
availability of larger test facilities is limited. Admittedly 
the smaller engines have to be brought together as a 
cluster at some point in time, but if each has a known 
reliability the reliability of the cluster may be assessed 
by the usual laws of probability. This may well be at a 
time when the larger engine is still in embryo form. 


It is possible to elaborate on the views just expressed 
and Miss Ruston of the Rocket Propulsion Establishment 
has attempted to bridge the gap between intuition and 
mathematical certainty. I have her permission to say 
that all the members of this bridge are not yet available 
but “the multiple engine need not be ruled out on the 
grounds of unreliability”. 


13. Conclusions 


Although the selected premises for the exercise were 
limited, they were not so restrictive as to prohibit the 
finding of sound conclusions upon which a design 
philosophy may be based. 

In itself the exercise revealed the need for an improved 
understanding of many basic phenomena within a rocket 
engine and where research would be fruitful. The fruits 
of such research will tend to place the “optimum” 
engine at some thrust level below 50,000 lb., where our 
present studies indicate it to be. 

The main conclusion is a general one and con- 
stitutes the basis of a good design philosophy. Expressed 
in a negative sense, ““The Bigger The Better” is not true. 
Expressed positively, “Four Are Better Than One”. 

To these conclusions we may add an important 
corollary. By restricting the size of engines to be 
developed and clustering smaller units the maximum 
benefit will be obtained from prior development and the 
best kind of brake on expenditure is applied. It is best 
because it imposes no limit on thrust requirements. 
By such means the cost of a satellite programme may be 
held within modest bounds. 
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DISCUSSION 


Mr. Masefield: They had heard a most challenging 
Lecture which, in its way, would be a classic; to assess the 
optimum of anything in aeronautics was a bold project 
because one of the great things about aeronautics (and he 
thought that word included astronautics, and all the other 
bi-products) was that they were always learning; that was 
the fascination of their particular business, and he thought 
that Mr. Dunning had shown them one of the progressions 
in learning that was so fascinating. But what a delightful 
state to have arrived at in one relatively new aspect of their 
business, to be able to take a clean sheet of paper and then 
calculate optimums and come out with a specific answer. 
That he thought was the really challenging part, and he 
was sure that there were many who would be delighted to 
take up the challenge. 

E. G. D. Andrews (Chief Designer, Rockets, Bristol 
Siddeley Engines): Mr. Dunning’s patient and thorough 
examination of the problems posed by the scaling of 
rocket engines had been most interesting. The event was 
made the more pleasurable because the Society had selected 
Coventry for its presentation. This was fitting: rocket 
engines had been designed, developed and manufactured 
in Coventry since 1946, longer, he thought, than in any 
other part of the country and Mr. Dunning had been 
known to them since he was appointed Assistant Director 
of Engine Research and Development some ten years ago. 
Almost his first task, it now seemed, was to initiate in 
Coventry the design and development for an interceptor 
fighter of the Screamer rocket engine, shown in Fig. A. 
This engine burnt liquid oxygen and kerosine—still the 
cheapest propellent combination, and for some applications 
one of the best, although its unsuitability for defensive 
weapons was generally realised by 1956, and the develop- 
ment of the Screamer was then stopped. The fact that 
Mr. Dunning had selected liquid oxygen and kerosine for 
his hypothetical engines brought back nostalgic memories 
of the experience of those first ten years. 

The conclusions that Mr. Dunning drew from his study 
were most encouraging, even if they did not seem to arise 
essentially from the arguments that preceded them. The 
same conclusions could be reached by another argument. 
Rocket engines really came into their own in Space, but 
for a ballistic vehicle to be useful it was essential that the 
velocity, direction and position in Space of that vehicle 
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FicurE B. Typical vehicle control systems using multiple 
chambers. 


be very precisely controlled. Precise control could be 
obtained in Space only by using reaction forces. 

Figure B showed a number of ways in which control 
forces could be obtained from multiple rocket engines. 
A single combustion chamber was incapable of providing 
this control, for although it might be mounted on gimbals 
to control pitch and yaw, there was no durable way in 
which it could be used to control roll. The use of vernier 
rockets for this purpose converted the propulsion system 
into a multiple chamber arrangement, and was academically 
inadmissible as a solution, and the only alternative was 
to use swivelling nozzles on a bifurcated turbine exhaust. 
Since the turbine necessarily used gas at a lower tempera- 
ture than the combustion chamber, it could be shown that 
this was not an efficient solution. Two chambers were 
adequate for this purpose, but they must either be mounted 
on gimbals, which tended to be heavy at these thrust 
levels, or be pivoted at the forward end and rocked by 


FicureE A. 
Bristol Siddeley 
Screamer 
Rocket Engine, 
1950-1955. 
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FicurE C. Bristol Siddeley Gamma Mark 201 Rocket Engine, 
showing the four swivelling combustion chambers. 


actuators. The latter appeared to be the most favoured 
method because it was easier to take the thrust loads out. 
Three combustion chambers were more convenient because 
each need be pivoted only about one axis. One dis- 
advantage was that it was sometimes necessary to move 
all three chambers, and one had to move twice as far as 
the others. The four chamber engine, which Mr. Dunning 
believed to be about right, had probably the simplest 
system because of the ease with which the control 
corrections could be resolved. 

The Bristol Siddeley Gamma engine, shown in Fig. C, 
was of this type and was particularly relevant here because 


Ficure D. Combustion chamber shapes resulting from 
assumption that cross sectional area OC mass flow. 
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the initial design and development of the units from which 
it was formed were done at the Rocket Propulsion Estab- 
lishment, of which Mr. Dunning was now Director. The 
structure mounting the chambers was rather interesting— 
it was a great credit to Saunders-Roe who designed it— 
because the thrust load was transferred to eight equally 
distributed points on a strong ring at the forward end by 
four longerons and four thrust tubes, the latter supporting 
the central cruciform casting which also carried the release 
ball. The torsional loads on the cruciform casting were 
transferred into the skin by four tubular triangular frames. 
Mr. Dunning of course knew this, and it would be 
interesting to learn why he preferred space frames. 

One of the peculiarities of the rocket industry was that 
no two vehicles ever seemed to require the same thrust. 
The largest single item of expenditure in the development 
of a new engine was the cost of developing the combustion 
chambers, and by the use of multiple combustion chambers 
it was possible to cover a thrust range of perhaps five or 
six to one with one chamber, so providing for more than 
one vehicle. Ideally, it seemed, a range of combustion 
chambers was required, each four times as large as the 
next smaller size. With these any thrust requirement 
between 10 lb. and 3 million lb. or more could be met 
by only 9 chambers. 

Mr. Dunning’s views on the ideal shape of a com 
bustion chamber were cogent, but evaded the real dilemma, 
which was that the optimum shape of combustion zone 
was really practicable for only one size, depending on the 
desired burner loading. If the burner loading—the mass 
flow of propellents per unit area of the burner face—were 
too low, the burner was liable to erode badly, and if it 
were too high the propellents might not burn properly. 
This argument would justify Mr. Dunning’s rule but the 
result would be small chambers of excessive length, and 
large chambers of excessive fatness. Performance penalties 
were imposed by both of these faults, the first because of 
cooling difficulties and the second because of nozzle entry 
losses. Fig. D showed the application of the rule for a 
thrust range of ten thousand to one—and that was less 
than one per cent of the thrust range covered by existing 
or projected combustion chambers. 

Nor was it possible to maintain constant chamber 
shape, as Fig. E showed. In practice it was essential to 
make large combustion chambers essentially throatless. 
This was not the serious penalty that Mr. Dunning had 


COMBUSTION ZONES 


FicurE E. Combustion chamber shapes resulting from assump- 
tion that combustion zone proportion can be scaled. 
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suggested. To obtain the same performance as with a 
throated chamber the combustion pressure must be 
increased by about 20 per cent—the penalty being perhaps 
0-5 per cent in specific impulse because of increased turbine 
flow. He would suggest that this might be the order of 
velocity loss at the throat of large chambers like the one 
at the bottom of Fig. D. 

The description of the combustion process was 
fascinating. As Mr. Dunning knew, this was so vastly 
different from what was either desirable or usual in a 
combustion chamber that his reasons for expounding it 
so fully would be of great interest. 

That there was an optimum size of turbo-pump unit 
surprised him. A single turbo-pump unit was likely to be 
more efficient than a number of smaller ones as it created a 
simpler engine and helped to ensure simultaneous starting 
and stopping of, and uniform pressure in, the chambers. 
It would be interesting to know whether the optimum size 
still held if the throttle control valves, spark generators 
and igniters, starting systems, lubrication systems and 
drains were also taken into account. 

This indeed was one of the merits of an optimisation 
study—it provided ground for discussion of the best way 
of designing an engine. First, however, it was necessary 
to show from the study why existing engines were as they 
were. Conversely the limitations of an optimisation study 
were that the answers were critically dependent on the 
assumptions made—and in this lecture there had been 
many points of detail that were arguable. Without in any 
way decrying Mr. Dunning’s work, the first attempt had 
come up with the wrong answers: examination of the 
limited data available suggested that up to 200,000 Ib. 
thrust, the weight of actual engines was proportional to 
the thrust to the index 5/6. 

It was to be hoped that members of the rocket engine 
industry would now take Mr. Dunning’s essay and amplify 
or adjust the inner parts in accordance with the best 
evidence available. This was likely to be a long process, 
but the exercise would show where the major conflicts of 
Opinion were, with pointers for research, and would help 
to codify the very best practice. Other effects that should 
be taken into account were those of combustion pressure 
and variation of the propellent combination. 

As a first shot at an immense task, the lecture had 
been impressive, there could be no doubt about that. It 
contained much that was important, particularly in the 
detailed examination of some of the individual problems, 
and it was noteworthy that in his conclusions Mr. Dunning 
had shown a healthy disregard for the precise quantitative 
answer that the study had thrown up. 

Mr. Dunning: Mr. Andrews accepted the conclusions as 
encouraging, but disputed the logic in arriving at them; he 
did not enlighten them as to what he thought was wrong 
with the logic, but digressed on to what was an ancillary 
function of a rocket engine, namely, directional control of 
the missile which the rocket propelled. Mr. Andrews con- 
tinued with a piece of special pleading for a particular four- 
engined layout, which admittedly was good, but because it 
was “particular” could not be used in general studies. In the 
lecture he was careful to stress the premises within which 
they worked and it would be recognised that a good 
designer would always take advantage of features peculiar 
to a special case. In fact, the Saunders-Roe design 
illustrated how some of the penalties associated with 
multi-engined layouts might be overcome and this lent 
endorsement to his general argument. 

To use a colloquialism, Mr. Andrews was “right off the 
beam” in suggesting that one combustion chamber might 
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be used to cover a thrust range of five or six to one 
A moment’s reflection would reveal the futility of such , 
proposition. If a combustion chamber, with which they 
included the propelling nozzle, was designed correctly for 
one thrust level, the structural stressing, the propellen 
loading density, the heat transfer, the nozzle dimensions, 
and so on, would be hopelessly wrong at, say, 20 per cent 
of this thrust. Their studies revealed variations in specific 
weight of around 10 per cent over a thrust range from 
50,000 Ib. to 200,000 Ib. and Mr. Andrews was wantonly 
suggesting an acceptance of 500 per cent to 600 per cent 
variation. 

He was at a loss to understand Mr. Andrews’ remarks 
concerning combustion chamber shape. Mr. Andrews 
appeared to ignore one of their stated requirements, 
namely, constant propellent loading density, which deter. 
mined the chamber cross-sectional area for a given thrust 
and a given value of the ratio Chamber Cross-sectional 
Area : Nozzle Throat Area. How then could a chamber 
be too fat? In like manner, how could a chamber have 
excessive length if, as he stated, “the axial length should 
be sufficient to provide time for complete combustion”? 
Did Mr. Andrews dispute this? 

Still related to combustion shape, Mr. Andrews stated, 
“In practice it was essential to make large combustion 
chambers essentially throatless.” This was a loose state- 
ment for which he could find no justification whatever 
nor, did he suspect, could Mr. Andrews. Certainly there 
were some arguments for a throatless chamber and some 
against, but none of these was associated with the largeness 
of the chamber. If in Mr. Andrews’ statement “To obtain 
the same performance as with a throated chamber the 
combustion pressure must be increased by about 20 per 
cent...” they substituted “thrust” for “performance” then 
he agreed, but the penalty was not “perhaps 0-5 per cent,” 
but the loss due to increased pumping work plus the funda- 
mental loss of at least 1-5 per cent, as shown in Fig. 5 of 
the lecture. Fig. D was Mr. Andrews for which he accepted 
no responsibility. 

His reasons for the exposition of the “infinite motor 
concept” which in spite of its limitations had much to 
commend it, were made plain from his arguments on 
combustion chamber shape. He was sorry Mr. Andrews 
had failed to notice this and also that the answer to the 
question on turbo-pump units was given in Section 10 of 
the lecture. 

The inference he had drawn from Mr. Andrews’ 
remarks was that Mr. Andrews had failed to grasp his 
arguments. This could not be because of his failure in oral 
presentation, because Mr. Andrews had had a typescript of 
the lecture some weeks previously. If he had time to re-read 
it, he was sure Mr. Andrews would withdraw the charge 
that he had come up with the wrong answers. Further- 
more, Mr. Andrews might be able to extricate himself from 
the trap he had fallen into, of which due warning had been 
given—perpetuating his own mistakes. 

A. V. Cleaver (Chief Engineer (Rocket Propulsion), 
Rolls-Royce Ltd., Fellow): The first thing he would like 
to point out was that the individual cylinders on that 
12-cylinder Cadillac were all larger than the individual 
cylinders on the Dyna Panhard! Perhaps that was 
interesting as an accurate illustration of the sort of differ- 
ence there was likely to be between the British and the 
Americans. The Americans would build very large rocket 
vehicles with clusters of very large engines and in this 


‘country they, he hoped, if the Government made up its 


mind and did not change it for a few years, would build 
smaller vehicles with clusters of smaller engines. 
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He would also like to refer briefly to two more general 
points that the lecturer made. One was this question of 
scaling and the assumptions they should make in doing 
that. His old friend Pat Dunning was a great advocate 
of a research programme to understand the basic 
phenomena of rocket engines so that they did, in fact, 
know how to scale. He hoped, quite sincerely, that this 
research would be carried out, but at the risk of being 
accused of being one of those “practical men repeating his 
grandfather’s mistakes,” he would nevertheless point out 
that that was all concerned with the last 5 per cent of the 
engine performance. Now, this 5 per cent could be very 
important, but when they investigated in great detail the 
scaling laws, they were chasing after perfection to the 
last few per cent. 

The other general reference that Mr. Dunning made 
was to the Space enthusiasts always hankering for the high 
energy propellents. Now, he agreed that for the immedi- 
ate applications of the long range ballistic missiles, and 
fairly close-orbit satellites with medium or small payloads, 
it was quite true that liquid oxygen and kerosine or indeed, 
several other combinations, could do the job adequately. 
There was no case for anything better—no strong case, 
anyway. He also agreed, rather less heartily, that many 
of the workers in the field of rocketry had gone chasing 
after some very exotic propellent combinations and he 
deprecated some of those as much as Mr. Dunning did. 
Perhaps it was the chemists in the business, rather than 
the space enthusiasts, who were responsible for this, but 
he would like to ask Mr. Dunning directly, if he did 
not agree that the time would come when they had to 
tackle some fairly ambitious space missions which would 
require something better than liquid oxygen and kerosine? 
His personal choice there would be liquid hydrogen, 
which Mr. Dunning did mention, not with fluorine but 
with liquid oxygen. He thought there was a great future 
for that combination—not perhaps for the big bottom 
stages and not for the immediate applications, but for 
some of the future ones. 

Mr. Dunning’s lecture was principally concerned with 
size optimisation. That was a very interesting and useful 
study but personally—perhaps, again he was being one 
of those “practical men”—he did not agree that one ever 
got really conclusive answers from such generalised 
studies. They were very informative, they illustrated 
trends, but he did not think one ever got a complete answer 
from them. In any case, his own main impression from 
Mr. Dunning’s own work at Westcott was how flat this 
specific weight curve was, from about 50,000 Ib. thrust 
up to 200,000 ib. He suspected that in practice it would 
Teally be flatter, over a much wider range than that. They 
came back to the fact that, in practice, the choice of the 
number of engines to be used would be based, not on 
these fundamental theoretical considerations, but on 
questions of availability and reliability and so on. He 
thought the real worth of the study was what Mr. Dunning 
claimed himself, that it had disposed of this illusion that 
“the bigger the better.” 

On this question of availability and reliability, he very 
Strongly supported what Mr. Dunning said about the fact 
that if one continued to use the smaller engines and 
clustered them, one could use older and well-proven 
designs of engines. One could perpetuate their life, and 
could certainly use existing test facilities, to reduce the 
whole cost of development. He entirely agreed with 
Mr. Dunning on all of that, but one could not completely 
dismiss the basic question of decreasing reliability with 
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increase in the number of units. He was not suggesting, 
in fact, that Mr. Dunning did dismiss it but he wanted to 
emphasise that it was something that had always to be 
borne in mind. One could say, for example, that the 
reliability of a rocket engine—that was to say, its chance 
of completing a mission with a full duration firing, when 
one pressed the button—was likely to be about 50 per 
cent almost straight off the drawing board. No-one 
would be happy to use such an engine in a vehicle, even 
an unmanned vehicle, but that was the sort of reliability 
one ought to be able to get, pretty well straight away. 
It ought to go up to something like 80 per cent fairly 
early in its development history, and perhaps to 95 per 
cent before too long. Now these were the sort of figures 
at which, he thought, it would be sensible to start launching 
unmanned vehicles—ballistic missiles, for example. If 
they were thinking of manned vehicles, they must spend 
a little longer on development and push it up to 99 per 
cent, or more. This could be done but it would take 
longer still. 

What they had got to remember was that one engine 
with even this initial reliability of 50 per cent was going 
to give a system as good as a cluster of three with 80 per 
cent individual reliability, or thirteen with the pretty high 
figure of 95 per cent. What was, perhaps, more important 
still was that the one engine of 95 per cent was as good 
as five of 99 per cent. So, one had to strike a balance 
between how soon the newer, bigger engine could catch 
up with the reliability of the clustered smaller, older, 
engines, on which there was a greater background. One 
must remember, too, that the smaller, older engine was 
likely to be an older design in terms of quality of tech- 
niques, and therefore might not always be truly competitive. 

He was a little surprised that Mr. Dunning did not 
refer to one of the potential virtues of clustered engine 
installations, as regards reliability. That was the chance 
of getting something analogous to the multi-engined 
reliability of aircraft. This was being done in the American 
Saturn project, which had eight engines approaching 
200,000 Ib. each. Towards the end of a mission, and 
perhaps even at take-off, it should be possible with 
these clustered engines to provide the same safeguard that 
one had in a modern multi-engined aircraft with which 
one would continue the mission, even if one engine failed. 
Quite a lot of rocket engine failures were not catastrophic, 
in the sense that they would damage an adjacent engine, 
and it was quite likely that in future manned rocket 
vehicles this feature would be provided. There was an 
exact analogy with aircraft. The early multi-engined 
aircraft did not have this capability—they needed all their 
engines to keep going—but all the contemporary ones 
could cope with an “engine-out” case. He was sure that 
rockets, in due course, would provide this feature also. 


Mr. Dunning: On the question of the reliability of 
multiple units, he would refer Mr. Cleaver to an interesting 
paper by Chaddock of A.R.D.E. This was presented at 
a symposium on reliability a few weeks ago, which 
Mr. Bragg and he had attended. As yet he had not fully 
digested Chaddock’s paper, but Mr. Bragg had a copy 
which Mr. Cleaver might see. In effect the paper suggested 
that the overall reliability of complex units did not - 
deteriorate, as Mr. Cleaver suggested. 

The suggestion was that he was chasing after 5 per 
cent. What he was chasing was something much more 
important—an understanding of the reasons why they did 
not get this 5 per cent. No rocket designer he knew would 
predict, from the drawing board, that a liquid propellent 
rocket engine would last more than three seconds—that 
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was the state they were in. The lesson which he had tried 
to stress was that they really must get a better under- 
standing of the basic processes so that they could approach 
the design problems with more certainty and thus reduce 
the development tasks, which were expensive. 

On the question of propellents, he agreed with Mr. 
Cleaver about liquid hydrogen. He could go into a long 
discourse on the relative merits of different propellents, 
but that would be right outside the premises of the lecture 
which dealt with the initial stages—getting off the deck. 
When they got into Space the optimisation studies were 
vastly different. All he had tried to do was to deal with 
one packet out of the parcel of optimisation studies which 
were necessary before embarking on a Space programme. 

He agreed with Mr. Cleaver’s remark on the flatness 
of the curves, but he had pointed out that the significant 
finding was that a minimum existed. Prior to their studies 
many rocket people—even at Westcott—maintained “the 
bigger the better” philosophy. If their studies had done no 
more than dispel that doctrine, they had been worthwhile. 
He would put it no stronger than that. 


C. Bayly (Executive Director, Sir W. G. Armstrong 
Whitworth (Aircraft) Ltd., Fellow): He must lay claim to 
being one of the “grandfathers” referred to by Mr. 
Dunning. Remembering the early days of Westcott with 
which he was associated, he would only hope that his staff 
were not perpetuating the many errors which they made. 
As he remembered it, in those days it was not a question of 
seeing whether a cluster of rockets could be made to work, 
it was a question of whether one could get even one of 
them to work alone. 

He would like to support the point made by Mr. Cleaver 
about the danger of comparing the reliability of multi- 
aero engine installations and multi-chamber rocket engines. 
He felt tnat they must be sure that they were comparing 
like with like, since the failure of one rocket engine could 
cause total failure of the mission, while that was by no 
means true of the multi-aero installation. Even where 
single-engine installations were concerned, they must be 
careful in comparing reliability between twin and multi- 
cylinder units since, clearly, the loss of one cylinder in 
the former would have a much greater effect on perform- 
ance than in the latter. 

W. H. Stephens (Director-General, Ballistic Missiles, 
Ministry of Aviation, Fellow): He had a slight feeling that 
Mr. Dunning tended to mix up two objectives. One was 
to optimise the size of rocket engine measured by thrust— 
and Mr. Dunning hovered around the 50,000 Ib. thrust 
mark—and the other was to show that it was a good idea 
to have more than one engine. He would fully agree with 
Mr. Andrews that there were configurations which, for 
reasons of control and so on, were much superior to the 
single engine, the four engine layout, for example, as 
shown on Fig. 12 was extremely convenient from the point 
of view of pitch-yaw control. He did not think, however, 
that one could easily agree that 50,000 Ib. was really an 
optimum. He believed that Fig. 2 purported to show that 
a saving of 10 per cent on the specific weight was equivalent 
to a gain of one per cent on specific impulse. Now, in 
fact, that figure was based on an earlier graph which was 
derived from certain values of the ratio (starting weight) / 
(ali burnt weight), and the biggest value of the ratio on 
that figure was ten. He thought it was this ratio that 
Mr. Dunning insisted on calling “chi,” which was clearly 
a relic of his mathematics, whereas most of them were 
more familiar with “lambda” and knew what it meant. But 
in quite a few real designs for long range rockets, he 
thought one would find that “lambda” or “chi” was always 


larger than ten and thus outside the range of valug 


considered in the paper. To gain one per cent on specific | 


impulse one must save more like 15 per cent on specific 
weight; and this obviously prompted the question, “Woul 
it not be far better to go after specific impulse from the 
start?” He had a feeling that one could get more oy 
of a search for a few points extra on specific impulse, 
which could be found without using exotic fuels or liquid 
hydrogen, but by just using Hydyne or something like that, 
and thus avoiding the difficulties of trying to save significan, 
fractions of structure and weight. 

Was Mr. Dunning sure that enough attention had beep 
paid to the need to design the structural assembly to 
withstand not only thrust loadings but also to provide 
adequate flexural stability to stand the steering loads? 


Mr. Dunning: He did not think that he had mixed up 
two objectives. The use of multiple engines for thrust 
levels above a certain value followed as a logical deduction 
from the finding of an optimum size of engine, with 
“optimum” defined as in the lecture, since they were 
justified in assuming that a saving in weight was always 
beneficial. It was quite incidental, but fortunate, that the 
use of four engines was much superior from a control point 
of view than a single engine. Furthermore, as Table XI 
showed, the mounting structure for four swivelling units 
weighed less than that for one double swivelling unit. 

Mr. Stephens chided him for using “chi” in preference 
to “lambda.” All he would say was that he was brought 
up to use “lambda” to indicate length, generally wave- 
length, and to avoid it to indicate a ratio. But no matter 
whether “lambda” or “chi,” Mr. Stephens would find that 
a value of “ten” was not unreasonable. In fact, the 
equivalence of percentage change in specific weight to one 
per cent change in specific impulse was dependent not only 
on “chi” but on (M,)/(M,), which was used as a parameter 
in Fig. 2, and the selected value of 10 per cent equivalence 
was justified. Even if they felt able to raise the equivalence 
value to 15 per cent as Mr. Stephens suggested, their 
general findings would not be altered because minima 
would stili be found in curves A, B, C and D of Fig. 13. 
For curve C, the minimum would be near the 70,000 Ib. 
thrust level and for curve B, still below the 50,000 Ib. value. 

He could elaborate on the possible use of other 
propellent combinations to gain increases in specific 
impulse. That was outside hés self-imposed premises for 
this lecture, but he would draw issue with Mr. Stephens in 
the suggestion that he was accepting difficulties by trying 
to save weight. What their studies revealed was that a 
weight saving was given to them without difficulty—in 
fact, with reduction in difficulty—if they accepted the use 
of multiple engines (generally four) for all thrust require- 
ments greater than 200,000 Ib. This applied whatever 
propellent combination they used. 

On the design of structure, they did cover the thrust 
deflection cases—up to +10° swivel. 


E. D. Keen (Chief Designer, Sir W. G. Armstrong 
Whitworth Aircraft Ltd., Fellow): It gave him very 
much pleasure to be given the responsibility of proposing 
a vote of thanks to Mr. Dunning for providing a very 
interesting evening. The fact that he was not one of the 
“rocketeers” would reassure Mr. Dunning that this speech 
would not be the occasion to ask another very awkward 
question without his being given the chance to answef 
back. Mr. Dunning gave them to understand that the 


_whole piece of research work was triggered off by Dr. 


Griffith. He need hardly say that Dr. Griffith was still 
very active, but instead of proposing something like four 
rockets to produce 200,000 ib. thrust, the number of 
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engines he was proposing in similar manned vehicles was 
| probably nearer four score! 


He thought the evening had been an object lesson in 
the way to tackle problems of this sort. If the paper had 
proved that one did not need to go bigger to get better 
engines then it had served its purpose. They had parallels 
in the aircraft field but the question of four-engine 
reliability was one which he would suggest was confined to 
the manned vehicle rather than the present design of rocket 
vehicles as he understood it. Unless he was much mistaken, 
the loss of a small amount of thrust resulted in failure of a 
current design of unmanned rockets or missiles to attain its 
mission. This question of duplication and reliability could 
only be assessed against the margins which had to be 
provided. An aircraft had to fulfil its mission with one 
power plant inoperative at some time during its flight. 

This had been a stimulating occasion for ail of them 
at the Branch. It had been a lively evening, so taking on 
the role of referee, he thought Mr. Dunning had given as 
good as he had got and he would like to thank him for 
coming to Coventry, reading his paper, and answering 
the questions. 

S. L. Bragg (Rolls-Royce Ltd.) Contributed: Whether 
or not they agreed in detail with Mr. Dunning’s methods 
there was no doubt that the job he had tried to do was a 
worthwhile one and it had shown clearly the many gaps 
in their knowledge of how a rocket engine worked. 

The most obvious of these gaps was the question of 
what really controlled the specific impulse efficiency of 
rocket engines. Until they knew why the efficiency was 
not 100 per cent—that was, why they did not get the full 
theoretical specific impulse, calculated on the basis of 
shifting composition through the nozzle—they were not in 
a position to say how the specific impulse would vary 
with size. In his opinion they would not determine the 
cause of this loss by running a number of chambers of 
different sizes, designed to the same nominal standard, and 
then comparing their performance. The reason for this 
was that until they had found what controlled the 
performance, the choice of the nominal standard was 
bound to be arbitrary and might well be wrong. What 
he thought they must do was to conduct a careful series 
of tests on a particular chamber, running it at different 
mixture ratios and different pressures, and possibly with 
different fuels, while taking careful measurements of 
thrust, flows, pressure distributions in the chamber and, 
if possible, doing gas analyses across the exhaust, to 
determine what was the real cause of inefficiency. 

If, as he suspected, an appreciable proportion of the 
inefficiency was caused by the fact that the mixture ratio 
at the walls was different from the average mixture ratio— 
due to the necessity of keeping the walls cool and very 
often from mechanical limitations in the injector layout 
itseli—then one must be careful not to press too far the 
concept of the “infinite motor” as advanced by the author. 
If the real impediment to efficiency were the absence of 
mixing at the walls, then the small engine would suffer 
by reason of having a larger proportion of surface area 
telative to its throughput and this might produce a much 
bigger loss in specific impulse than had been allowed for 
in the paper. 

He would like to take issue with the author on the 
statement that it was essential to burn at low velocities 
and so reduce the change of total pressure between the 
injector and throat conditions. This change was not a 
loss in the true thermodynamic sense. It resulted from 
what could be a purely reversible process: the injector 
end pressure would theoretically be regained by cooling 
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the gases. Fig. 5 in the paper was, therefore, exceedingly 
misleading. If two systems were compared at the same 
throat total pressure, then the loss in specific impulse when 
using a small chamber-to-throat area ratio was very much 
smaller than that quoted by the author. Furthermore, 
when engines operating in a vacuum were considered, there 
was no loss in specific impulse with a fall in chamber 
pressure and Fig. 5 became completely inapplicable. 

While on the subject of chamber pressure, he would 
like to suggest that a size comparison based on similar 
chamber or throat pressures might in any case not be an 
entirely fair one. For a given thrust the optimum chamber 
pressure for a single large chamber might not be quite 
the same as the optimum pressure for a smaller chamber, 
designed to give one half or one quarter of this thrust. 
Allowance for such an effect could only, he thought, make 
the specific weight versus thrust curves even flatter than 
they were already. 

On the subject of heat transfer, he wondered if the 
relation given by equation (10) of the paper did not unduly 
penalise the small chambers. The equation held for fully 
developed turbulent flow in a pipe, and the size of pipe 
was obviously important in that case. In a rocket com- 
bustion chamber on the other hand, the pressure was 
falling sharply with distance and very little mixing occurred 
on a large scale. One would therefore expect that the 
boundary layer at the walls, and thus the local heat transfer 
coefficient, would depend on the distance from the injector 
rather than on the size of the chamber. This allowance 
would make the heat transfer coefficients similar in small 
and large chambers of the same length, although the 
temperature rise of the coolant would still be much larger 
in the small chambers because of the proportionately 
larger surface area which must be cooled. 

He was not sure whether the author was fair in giving 
all sizes of nozzle the same divergence angle. If 
reassociation in the nozzle was an important factor in 
determining specific impulse, then the optimum angle 
might be smaller for small chambers so as to allow more 
recombination to take place in the relatively longer nozzle. 

Finally, Mr. Dunning made no mention of the 
possibility of using single pumps in a multi-chamber 
configuration or, alternatively, several pumps for one large 
chamber. Was it not possible that with one of these 
arrangements one could do even better than with purely 
scaled models? 

Mr. Dunning: Mr. Bragg had shrewdly probed certain 
chinks in his armour, but in accepting much of what 
Mr. Bragg said, he did not think he was undermining the 
general thesis. 

In dealing first with specific impulse efficiency, Mr. 
Bragg rightly said they must find out why they could not 
achieve 100 per cent. Nevertheless, this should not prevent 
them putting forward, in the meanwhile, hypotheses on 
the combustion mechanism and designing combustion 
chambers. In fact, they must do so in order to pursue 
their researches because their best analogue of a com- 
bustion chamber—their only analogue—was a combustion 
chamber. Certainly because of cooling requirements they 
must not press the “infinite motor” concept too far. This 
was recognised and accepted as becoming critical in thrust 
chambers below the 25,000 Ib. level. However, there was 
little point in imposing some arbitrary loss factor because 
other factors contributing to the steep rise in specific weight 
(Fig. 13) ensured no falsification of the curves. 

Mr. Bragg took issue with him on the fundamental 
losses within the combustion chamber. That argument 
could not be settled here and he would like to be convinced 
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that he was wrong because then he might be prepared to 
accept a throatless chamber. The acceleration of the gases 
during combustion was an irreversible process with an 
associated increase in entropy and this must be revealed 
in a loss in specific impulse. In saying that Fig. 5 was 
completely inapplicable when the rocket operated in 
vacuum, Mr. Bragg was assuming that the effective 
pressure ratio was infinite. Unless the propelling nozzle 
was infinitely large, the effective ratio was finite and at its 
designed value, therefore the curves in Fig. 5 remained 
applicable. 

In Section 12 of the lecture brief mention was made 
of chamber pressure. Within their selected premises, their 
studies indicated that the chosen value of pressure was 
below the optimum, at least for the 50,000 Ib. thrust level 
and below. Contrary to what Mr. Bragg suggested, using 
the optimum pressure for each size of engine would 
accentuate the variation in specific weight with respect to 
thrust. 


Mr. Bragg was right in suggesting that their he, 
transfer analysis penalised the small chambers. Boj 
Lewis (R.P.E.) and Spalding (Imperial College) had Sup 
gested that the combustion chamber wall might } 
developed and considered as a flat plate. This seemy 
eminently reasonable for stable combustion régimes, 

The degree of reassociation within the diverging portiq, 
of the propelling nozzle was still a major unknown. () 
the scanty evidence they possessed there seemed litt) 
point in reducing the divergence angle. An analysis, ma 
by Mr. Bragg himself, suggested that there was negligibk 
reassociation downstream of the throat. If that were » 
and one could not deny the reasonableness of th 
supposition, then he might suggest that the throatles 
chamber was still more out of countenance. 

He could give no clear cut answer to Mr. Bragg’s lag 
question, which would demand specific studies beyond 
their self-imposed terms of reference. Perhaps he mighi 
venture a tentative “Yes.” 
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ROTORCRAFT SECTION 


Helicopter Vibrations 


by 


J. P. JONES, B.Sc.(Eng.), Ph.D. 


(Department of Aeronautics and Astronautics, University of Southampton) 


|. Introduction 
I should like in this paper to review some of the 


there was some dynamic out-of-balance or an actual air 
flow (due to the wind or circulation in the tunnel) but 


these would have had to have been very large to over- 
come the heavy aerodynamic damping. 

But large amplitudes are possible if the usual “quasi- 
steady”” aerodynamic theory is incorrect and if the 
damping is small. If it is negative then a self-excited 
oscillation may occur. The implication is that the damp- 
ing of flexural oscillations becomes very small or 
negative at integral frequency ratios, i.e. when a whole 
number of cycles are completed each revolution. It was 
thought that this might happen in the following way. 

When a blade or wing oscillates in a moving air- 
stream its incidence is changing continuously. The 
incidence changes cause the continuous shedding of 
vorticity (“starting vortices”) from the trailing edge. 
In the case of a wing the vorticity is carried away down- 
stream and its effect on the wing decreases rapidly with 
time. But on a (hovering) rotor the vorticity moves 
along a helical path relative to the blade and after one 
or more complete revolutions of the rotor is directly 
beneath the trailing edge. If we assume that there is 
a single blade, at small incidence, then the cast-off 
vorticity will be close to the blade and will disturb it, 
causing it to shed more vorticity which in turn disturbs 
the biade after a further reduction. If the disturbances 
are all additive they tend to sustain the motion, i.e. 
the effective damping is reduced. Obviously the maxi- 
mum disturbance will be obtained if the vorticity has 
the same size and sign in each turn of the helix. This 
can only happen if a whole number of cycles occurs in 
each revolution. 


work on helicopter vibrations which has been done at 
Southampton University in the past few years. This 
has been mainly concerned with blade vibration and 
there have been parallel theoretical and experimental 
programmes. Complimentary research has been going 
on in the United States and the results support each 
other in an encouraging way. 

The work started with the publication of papers by 
Hirsch’ and Meyer’? on measurements of blade bend- 
ing stresses in hovering and forward flight. Briefly, 
the measured oscillatory bending stresses showed 
marked peaks at certain rotational speeds in both flight 
conditions. At these speeds the natural bending fre- 
quencies wete found to be a whole number of cycles 
per revolution. How this arises can be seen from Fig. 1 
which is a plot of natural frequency against rotational 
speed for two bending modes. 

In hovering and at a tip-speed ratio of 9-10 the 
amplitudes of the stress fluctuations were of the order 
of the mean stress level. A large proportion was con- 
tributed by harmonics of three to ten times the rota- 
tional speed. Conventional aerodynamic theory does not 
predict stresses of this magnitude. In hovering they 
should be zero and if there is mechanical excitation the 
blade motion is heavily damped according to the usual 
theory. In forward flight the amplitude of the n™ 
harmonic stresses should be proportional to the »™ but 
the measured stresses first reached a maximum at 
small p. 


2. The Cause of the Stresses 

To the designer the stresses in forward flight are of 
the greatest importance, but to someone interested in 
explaining the phenomenon the hovering case is the 
most valuable because there is at least a possibility of 
theoretical solution. Forward flight has always proved 
extremely difficult to analyse. For the present, therefore, 
only hovering will be considered but we shall return 
to the problem of forward flight !ater. 

The coincidence of the peak stresses with speeds at 
Which the frequency is an integral number of cycles 
per revolution suggests that the oscillations were forced. 
They certainly have none of the characteristics of 
classical coupled or stall flutter. But what was the 
excitation? In hovering there is none and in low speed 
forward flight it is small. It may well have been that 
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Ficure 1. Variation of bending frequency with rotational speed. 
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rtex sheets 


Ficure 2. Wake model. 


3. The Mathematical Model 


To investigate this “ wake excitation ” theory further 
it is necessary to devise a mathematical model of the 
flow. Fortunately the hovering rotor is fairly amenable 
to simplification. The radius of curvature of the repre- 
sentative outer sections is large so that these may be 
considered to move in straight lines over distances which 
are large compared with the chord. The high aspect 
ratio allows us to assume two-dimensional flow and 
because the pitch of the helical wake is small the suc- 
cessive turns of the wake can be regarded as plane 
vortex sheets. Finally we arrive at the idealised flow 
shown in Fig. 2. There is a single aerofoil performing 
simple harmonic pitching and plunging (i.e. flapping, 
bending) oscillations. Leaving the trailing edge is a 
vortex sheet which extends downstream to infinity, but 
beneath the blade are equally spaced vortex sheets 
extending to infinity in both directions. The vertical 
spacing of these sheets depends upon the mean inci- 
dence and the number of blades. The relative distri- 
bution of vorticity in them depends upon the frequency 
ratio and upon the inter-blade phasing. (There is very 
little evidence available on inter-blade phase angles 
but if it is assumed that the oscillation will be such that 
the wakes of individual blades tend to accumulate then 
Molyneux®’ has shown that the minimum frequency 
ratio is equal to the number of blades.) 

All this vorticity induces a velocity field at the 
oscillating aerofoil which must move so that it remains 
a streamline of the flow and at the same time the 
Joukowski condition must obtain at the trailing edge. 
These conditions allow us to calculate“ all the aero- 
dynamic forces and moments but the only parts which 
interest us are those proportional to the velocities of 
rotation and translation. 


4. Theoretical Results 

It is found that the force arising from the transla- 
tional velocity, i.e. the flexural or flapping damping, 
always opposes the motion although it can become zero 
if the mean incidence is zero (Fig. 3). But, in general, 
it is an oscillatory function of the frequency ratio and, 
if the incidence is small enough, it becomes very small 


at the integral frequency ratios. As the incidence jg. 
creases the returning wakes move farther away and th. 
damping approaches its two-dimensional aerofoil valy. 
The fluctuations in the damping are also smoothed oy 
as the frequency ratio increases; the degree of smooth. 
ing depends upon the aspect ratio and is a factor of 
considerable practical importance. 

Suppose that the blade only completes one cyck 
per revolution. Then for a representative blade elemen 
the wavelength is very long compared with the chor, 
It follows that the vorticity in the sheets beneath the 
blade remains sensibly constant for several chonis 
length both upstream and downstream of it. But if, 
large number of cycles are completed each revolution 
the distribution of vorticity along the sheets oscillate 
rapidly and the induced effects tend to cancel even if 
all the sheets have the same distribution. It will be 
noticed that the “ troughs” in the damping curve ar 
steep-sided so that the critical frequency ratio range js 
quite small. When translated into terms of r.p.m. it 
is seen that the critical speed ranges are quite wide for 
the low frequency ratios and extremely narrow for the 
high values. Above about ten cycles per revolution the 
individual critical ranges are hard to distinguish. 

The main conclusion to be drawn from these results 
is that “ wake” theory can account for the measured 
stresses in hovering if it is assumed that there is some 
mechanical excitation present. The lowest possible 
frequency ratio is equal to the number of blades and 
the wake effect decreases with increasing frequency 
ratio. 

But of course the theory is open to criticism on many 
points: slipstream rotation, vorticity diffusion and slip- 
stream contraction have all been ignored and it is easy 
to imagine alternative explanations. What was wanted 
was an experiment which would definitely demonstrate 
the influence of the wake. It is difficult to devise one 
if only bending or flapping motions are permitted but 
a suitable pitching oscillation experiment was suggested 
by the results of some air screw flutter tests. 
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FiGureE 3. Variation of flexural damping with frequency ratio. 
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5, Air Screw Wake Flutter Experiments 


Some tests were carried out with the (Rotol) forward 
propellers for the Fairey Rotodyne on the spinning 
tower at the R.A.E. With the blades at small (positive 
and negative) pitch angles it was found“ that torsional 
oscillations occurred in the fundamental mode at rota- 
tional speeds close to those for which the natural 
torsional frequency was in integral multiple of the rota- 
tional speed (see Fig. 4). Oscillations at a frequency of 
seven cycles per revolution could only be excited over 
small speed and incidence ranges; these ranges increased 
in width for the sixth order oscillation and became very 
wide indeed for the fifth order case. There was little 
or no bending. The phase angle between adjacent 
blades changed in steps of 90° as the vibration order 
changed; at six cycles per revolution adjacent blades 
were 90° out of phase. 

All these features can be explained on the basis of 
wake theory. The flexural axis of the blades was 
roughly at mid-chord. Therefore, assuming the blade 
to be pitching about a half-chord axis, values of the 
pitching damping derivative as a function of frequency 
ratio (Fig. 5) were calculated for a single blade and also 
for four blades. For the single blade the damping 
becomes negative for a range of frequency ratio whose 
width increases with decreasing frequency ratio and 
decreasing incidence. For the four blade case, assum- 
ing the measured phase angles, the critical frequency 
ratios lie on either side of the integral values. 

From the point of view of the theory, but not the 
propeller manufacturer, this was very encouraging, but 
perhaps the most important theoretical conclusion was 
that the negative damping could be eliminated by 
moving the pitching axis closer to the leading edge. If 
this axis is at the quarter-chord theory predicts that the 
wake has no influence on the damping derivative. On 
a real propeller this is not a practical proposition but 
it does suggest an unambiguous experiment to confirm 
the wake theory. If the aerodynamic damping for a 
single blade oscillating first about a half-chord axis and 
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Ficure 4. Regions of torsional flutter at fine angle. 
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Ficure 5. Theoretical variation of the damping derivative with 
frequency ratio. 
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then about an axis close to the quarter-chord could 
be measured then it should be found that: — 

(i) The pitching damping is an oscillatory func- 
tion of the frequency ratio. If the axis is at 
the half-chord self-excited oscillations are 
possible at just greater than integral values. If 
the axis is close to the quarter-chord the 
fluctuations are less violent and no free 
oscillations occur. 

(ii) Increasing the incidence smooths out the fluc- 
tuations and reduces the self-excited ranges 
but the effect should be less for the forward 
axis position. 

It will be appreciated that measurements made with 
two different axis positions will reveal the change in 
the aerodynamic moments on the blade. If external 
forcing due to mechanical out-of-balance, pylon inter- 
ference or resonance, or secondary flow is responsible 
for the observed phenomena moving the axis should 
have very little effect. 


6. Experimental Confirmation 

A small (5 in. diameter) test rig has been built 
(Fig. 6), with a single untwisted blade rotating in the 
horizontal plane. The blade is free to pitch about a 
spindle carried on a crossed-spring pivot in the hub; 


FIGURE 6. 
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frequency ratio—half chord axis. 
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blades are not oscillating, the wake dog 
not exist. A slight exception is a “ wake. 
maintained ” oscillation at zero incidence. 
Obviously a blade oscillating about zen 
mean incidence cannot go on sheddin 


° 


4a 
frequency ratio - 


the spindle passes through the hub and supports at its 
other end a counter-balance weight and a capacity pick- 
up which measures the angular displacement. Pitching 
restraint is provided by coil springs attached at one end 
to arms on the spindle and at the other to a very stiff 
plate which rotates with the head. The drive is from a 
compound wound d.c. motor running at about 
600 r.p.m. Pitching oscillations are forced by a pair of 
electro-magnetic exciters supplied with current from an 
oscillator and a power amplifier via slip rings on the 
drive shaft. The frequency ratio is varied by a com- 
bination of speed change and frequency change. 

The procedure is to measure the power required to 
maintain an oscillation of known amplitude at the 
natura! frequency of the blade system. With the rotor 
stationary the structural damping can be obtained; when 
it is turning the power supplied gives the sum of the 
aerodynamic and structural dampings. The results 
obtained are shown in Figs. 7 and 8. With the axis 
at the half-chord the general trends of the theory are 
amply confirmed and for the smallest incidence case 
the measured and theoretical values show close agree- 
ment. Fig. 8 shows that for the forward axis position 
the derivatives are not so independent of frequency 
ratio as was hoped. But there are plausible reasons 
for this. In the first place after the blade had been 
completed it was found that the spindle attachment was 
at 28 per cent chord and not at 25 per cent chord. 
Secondly, the theory assumes a thin flat aerofoil where- 
as the model was 12 per cent thick. The effect of thick- 
ness is to move the aerodynamic centre so that the tests 
really apply to an ideal blade with its axis at about 
30 per cent chord. Nevertheless, the disappearance of 
the wake effects with incidence is very marked and 
there are no self-excited ranges. 

It is important to appreciate that although the blade 
is disturbed by the shed vorticity, “wake” flutter is 


damping derivative, 
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Ficure 8. Variation of pitch damping with frequen:y ratio. 


“centrifugal forces and these are just balanced out by 


vorticity indefinitely. What happens is tha 
the wake is established during the build-up 
of the oscillations after which the motion 
continues in such a way that the effective blade 
incidence remains constant and there is no more shed. 
ding. (The effective incidence is compounded of the 
blade motion and the induced velocity due to the cast. 
off vorticity.) In practice there will probably be som 
shedding to make up for the losses due to viscous 
diffusion. 


7. Related Experiments 

Other experiments designed to measure aerody- 
namic damping have been going on elsewhere and all 
the results support the wake theory. Similar theories 
have been developed by Loewy” and Van de Vooren" 
in Holland. At M.I.T. a number of experimental in- 
vestigations’ have been made to determine the aero- 
dynamic damping of flapping of a two-blade model 
rotor at various frequency ratios. Two forms of excita- 
tion were used. In the first place the hub was mech- 
anically forced to vibrate through a small amplitude 
normal to the plane of rotation. At 0° and 5° mean 
pitch setting in simulated hovering very marked peaks 
were observed in the flapping motion at the even 
integral frequency ratios. At 10° pitch setting the 
response was flat and of small amplitude. 

The second form of excitation was aerodynamic, 
ie. the blades were forced to perform pitching oscilla- 
tions about zero mean incidence. Peak flapping response 
was obtained at a frequency of once per revolution and 
the agreement with quasi-steady theory was good, but 
no other peaks were found. In fact at a frequency 
ratio of two a trough was obtained. This result may be 
surprising but it is in agreement with wake theory and 
as it has some bearing on what happens in forward 
flight it needs explanation. 

The oscillatory pitch changes are ‘relied upon to 
provide lift variations at the same frequency and thus 
cause flapping. But the amount of lift obtained from 
this pitching is also dependent upon the aerodynamic 
derivative which gives the lift due to pitch, i.e. to 
0C,,/0a and it must be remembered that this C,,/02 
is evaluated at a particular frequency ratio. It is nof 
the static lift curve slope. Wake theory shows that it 
has about the same value as the aerodynamic damping 
and therefore it must decrease sharply at the integral 
frequency ratios. 

Now in flapping the stiffness is provided by the 


the inertic forces when the frequency is one cycle per 
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Figure 7. Variation of pitch damping wit : 
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2.5 of energy from the airstream to overcome the 

/ absorption. 

: Just recently further confirmatory evidence has been 
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FicurE 9. Variation of the frequency ratio with x/c. 


revolution. At this frequency ratio the aerodynamic 
excitation must just balance the aerodynamic damping. 
But both the aerodynamic forces are proportional to 
derivatives which have the same numerical value. 
Therefore, whatever the effect of the wake on these 
derivatives the flapping amplitude at a frequency ratio 
of one will not be affected, even if there is only one 
blade. At other frequency ratios the flapping centri- 
fugal and inertia forces do not cancel so that the ampli- 
tude depends more upon the excitation than upon the 
damping. For a two-blade rotor the aerodynamic 
damping becomes very small at a frequency of excita- 
tion of two cycles per revolution but so does the excita- 
tion and the response curve has a trough. If the 
oscillations are forced mechanically then the excitation 
is independent of frequency ratio and peaks occur in 
the response curve whenever the damping becomes 
small. 

The wake has a related effect on the flapping-torsion 
flutter characteristics in hovering". If the blade rotates 
about the quarter-chord axis and the c.g. is a distance 
x behind this axis then the flutter boundary of critical 
frequency ratio against c.g. off-set is as shown in 
Fig. 9. The solid curve is that obtained using con- 
ventional flutter derivatives, the dotted curves are those 
obtained from wake theory. The wake makes flutter 
less likely in general and prevents it altogether at 
integral frequency ratios. 

Classical flutter depends upon the c.g. being behind 
the pitch axis so as to produce a nose-up moment, and 
therefore more lift, to sustain the upward motion as 
the blade flaps up, always provided of course that some 
lift is actually obtained. If the frequency ratio is close 
to integral value very little lift may be got if the in- 
tidence is small. Of course the flapping damping is 
small at the same time but the torsional damping is 
unaffected by the wake and there is insufficient intake 


published by Silveira and Brooks“®. They measured 
the aerodynamic damping of blade overtone mode 
bending and observed the usual trends up to frequency 
ratios as high as 14. 

We are about to begin similar tests on a single blade 
rotor. 


8. Conclusions 

But no matter how close the agreement between 
theory and experiment, my own view is that wake 
flutter is not likely to occur on conventional rotors in 
hovering. (It has been observed on the Kolibrie during 
ground runs at zero pitch.) The inflows are neces- 
sarily large and the critical speed ranges may be quite 
narrow; the only occasion when the inflow is small is 
during the ground run but it can be shown” that the 
presence of the ground helps to reduce the wake effect. 
If there is some mechanical out-of-balance then higher 
than usual stress levels may be found and if the flexural 
axis is close to the leading edge single degree of freedom 
torsional oscillations may be possible. We cannot 
however, generalise about these things; they will depend 
upon the detail design of the blade, hub, control circuit 
and drive system. From the designer’s point of view 
the time to worry about wake flutter is when it appears. 

But this is not to argue that the elaborate experi- 
ments and lengthy analyses are only of academic 
interest. If there is one general conclusion which can 
be drawn from the wake theory it is that rotor blade 
motions have a profound effect on the aerodynamic 
forces producing them. The effects differ by at least an 
order of magnitude from the corresponding wake effects 
on fixed wings. If these are carried over into forward 
fiight, and I think that they are, then the whole field of 
rotor aerodynamics needs a new approach. 

The only theoretical analysis I know of which uses 
this approach is that of Willmer“* and his results seem 
to contradict the idea that the wake is important. But 
of course he has only calculated the first harmonic of 
flapping and it has already been explained that, to a 
first approximation, this motion is unaffected by the 
value of the derivative. 

The most striking evidence that the wake is impor- 
tant in forward flight comes from the M.1.T. The 
tests” in which the blades were excited mechanically at 
the hub were also tried in a large wind tunnel at tip- 
speed ratios up to 0:20. At small incidences the flap- 
ping response to a fixed excitation was found to be 
virtually independent of y, i.e. the sharp peaks in the 
flapping response were found at the critical rotational 
speeds whatever the wind speed. This alone suggests 
that the aerodynamic damping is independent of tip- 
speed ratio and the original experiments of Hirsch and 
Meyer provide further evidence. 

This result is so important that it needs explanation 
and we are attempting to do so at the moment. Although 
the problem is extremely complicated another theore- 
tical model of the flow has been devised and it holds 
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Ficure 10. 


out promise of explaining some of the effects of tip- 
speed ratio. But, no matter what is the explanation, 
it does seem that “cast-off” vortex effects should be 
included in any calculation of the higher harmonics of 
the blade motion. 

Unfortunately, Willmer’s calculations for just one 
mode were very lengthy; to include others and extra 
aerodynamic terms will probably be impossible. In any 
case it would not be too profitable because it would 
have no general application. If the blade motion and 
aerodynamics are inseparable then the aerodynamic 
loads will be different for blades which are aerody- 


namically similar but structurally different. Each rot, 
must be treated on its own merits. Therefore, wit, 
the exception of short investigations to elucidate py. 
ticular points there is no point in doing the calculation, 
Controlled experiment seems to be the only answe 
Obviously there will be difficulties with this approach 
but they can be, and have been, overcome. It my 
in fact be cheaper than years of machine time and ; 
will automatically cope with the bugbears of compress. 
bility and retreating blade stall. 

Some wind tunnel experiments have already bee 
done in America and we are just beginning our ow 
(Fig. 10). They will have no direct practical applica. 
tion but just trying to understand the answers shoul 
lead to a better understanding of the problem. 
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DISCUSSION 


R. Hafner (Westland Aircraft Ltd., Bristol Division, 
Fellow): Dr. Jones had shown a phenomenon of blade 
motion that was both new and fundamental. Already many 
of them had experienced on models, as well as in full scale, 
flapping movements of blades at small and even vanishing 
values of u. This behaviour was not consistent with the 
orthodox theory. Some of the behaviour was, however, 
explained by the present paper very convincingly and with 
great ingenuity. He himself had already, on a number of 
occasions, expressed the view that the time had passed now 
when further useful exploration of the dynamic behaviour 
of rotor blades could be made without a corresponding 
refinement of the aerodynamic theory. There was no point 
whatever in laboriously evaluating the coefficient of the n™ 
harmonic of blade flapping on the naive basis of a steady 


uniform induced flow through the rotor disc. There was no 
doubt that the induced velocity was subject to a variation 
of the first order, with regard to position as well as to time, 
and this had a profound effect on the motion and the loads 
and stresses of the blade. 

This paper was breaking new ground in the right 
direction. Dr. Jones had shown good agreement between 
theory and experiment for the rotor operating at »=0. It 
would be dangerous, however, to read from there across to 
other values for u. The flow pattern in forward flight 
became so complex that it would probably be very difficult 
to abstract from it a relatively simple and clear cut 


’ phenomenon such as that discussed in this paper. 


As to the hovering condition, the theory indicated 4 
maximum loss of aerodynamic damping for the condition 
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of zero mean flow through the rotor, and reference was 
made in the paper to the experience with the propeller for 
the Fairey Rotodyne, which was subject to flutter at blade 
angles around 0°. On this evidence one should expect a 
similar phenomenon in autogyro rotors which, while the 
incidence of their rotor blades was between 2° and 3° 
positive, cperated in a condition with almost zero flow 
through the rotor disc. He had, however, not heard yet of 
any unusual blade behaviour in such rotors. Was there an 
explanation for this? 

As to the practical implications of the rotor blade wake 
theory from the viewpoint of the designer, he could not 
agree with the author that “ the time to worry about wake 
flutter is when it appears.” Such a policy could be very 
expensive indeed! While the picture was very complex, 
especially in forward flight, and while one could not of 
course explore the whole field systematically by criss-cross 
ploughing, was it not possible to formulate the lessons 
already learned by some simple rules? Such as, for instance, 
“the larger the number of blades the lesser the vibrations, 
the lesser the problem? ” 

Dr. Jones: He was not aware of any flutter of this type 
having occurred on autogyro rotors but there might be a 
number of explanations for this. In the first place the 
condition of no net flow through the rotor was the vortex 
ring state so that the freouency with which vortices shed 
from one part of the blade came into contact with it again 
was related to the speed of circulation within the disc and 
not directly to the rotational speed. Also the general flow 
in this condition was so unsteady that any “ wake ” flutter 
would probably be masked by the general level of 
turbulence. In forward flight there was a substantial 
upflow through an autogyro rotor and the position was 
not much different to that for a helicopter in forward flight. 

He agreed with Mr. Hafner that the forward flight case 
was not open to such a great simplification as hovering 
flight but at Southampton they had given some thought to 
this and the outlook might not really be so bleak. 

So far as giving simple rules was concerned, he was all 
for this, provided they were soundly based. The hovering 
investigations certainly did show, for instance, that “ the 
larger the number of blades, the lesser the problem,” but 
he would like to have more experience of the forward flight 
case before committing himself to that as a universal rule. 
But if the wake theory were anything to go by, it 
should apply. 

Professor J. A. J. Bennett (College of Aeronautics, 
Fellow, Chairman): He recalled the comment by the author 
that wake excitation was not necessarily associated with 
any flight condition but occurred only when the rotor was 
non-lifting. However, the so-called “ideal auto-rotative 
state” was by definition one in which the velocity of flow 
through the rotor was zero and this was therefore a flight 
condition to which the author’s arguments would appear 
to apply. Did the author expect wake flutter to be a 
problem in auto-rotation? 

Dr. Jones: The question had bothered him for some 
time. He was also concerned about the question of the 
vortex ring state at the tips. He was not sure about this 
one, however, and would not like to commit himself. 

_ Mr. Hafner: There would be no flow through the disc 
In auto-rotation. There was no new air going through the 
fotor. It was going radially. 

Professor Bennett: Auto-rotation might not be a critical 
Condition because, although the average velocity of flow 
through the rotor was substantially zero, there was in 
Practice a flow distribution giving an upward flow over the 
centre portion of the disc and a downward flow near the 


blade tips. In other words, it was only at one particular 
distance along the blade that the flow velocity was zero. 
Inboard of this the blade was operating as a windmill in 
the “ windmill brake state” and the outboard position was 
acting as a propeller in the “ vortex ring state.” 

O. L. Fitzwilliams (Westland Aircraft Ltd., Fellow): His 
difficulties were even more severe than those of Mr. Hafner. 
He liked very much the picture of a stroboscopic effect. It 
was not altogether easy to understand the author’s concep- 
tion of a frequency ratio. If the revs were altered, would 
the picture be broken up? 

Dr. Jones: It would be broken up, as shown by Fig. 1, 
which illustrated the first and second bending frequency. 
When running at 180 r.p.m., there might be a critical 
condition. By changing it from 180 to 240 r.p.m., trouble 
would be avoided, but if it were changed from 180 to 170, 
there would be an oscillation at ten cycles per rev. When 
the tests were done on the airscrew model, the rotational 
speed had to stay approximately constant. The curve could 
be pushed up and down by altering the freauency and 
altering the point of intersection. 

Mr. Fitzwilliams: On the frequency ratio, the excitation 
was so many times the response. He did not quite visualise 
how the excitation could be slower than the revs. Admit- 
tedly it could be faster, but what was the nature of the 
excitation which could arise other than from the number 
of blades? 

Dr. Jones: According to the wake theory, there was no 
necessity for there to be excitation. According to the wake 
theory, when the blade oscillated it shed vorticity. With a 
system that was lightly damped and randomly excited, 
which it was bound to be either from atmospheric turbu- 
lence or from the wake itself, they would get an oscillation 
at the natural frequency with the amplitude beats. 

It was important to grasp that the oscillation was not 
necessarily 2 forced one. It was not a wake-excited 
oscillation as in a turbine blade. The wake that was 
created was created by the oscillation. If the oscillation 
stopped, the wake would stop. It could complete any 
number of cycles of the oscillation in any revolution. 

Mr. Fitzwilliams: In general it would be necessary to 
build up the full picture. Each blade, being identical, would 
have the same frequency. 

Dr. Jones: That was another problem. The blades were 
not identical. If there were a number of blades, they must 
be out of phase with one another in the appropriate 
manner. With four blades, they must be 90° out of phase 
with one another. On increasing the frequency ratio to five 
the phase angle must suddenly shift by 90°, as would be 
the case again with six. 

In the R.A.E. tests, it was possible to measure the 
interblade phase and this kind of phase shift was observed. 

R. H. Whitby (B.E.A., Fellow): On Fig. 1 there would be 
other lines—5S, 7, 8, 9, and so on. Why did the author 
particularly draw 10? If he drew 9, one would expect it to 
be better in synchronism with the 3. 

Dr. Jones: He had drawn the 4 directly under the 
intersection, but when it came back from the draughtsman 
the result was as shown on the slide. By using 9 per rev., 
it would intersect at a different point. They were not 
uniformly spaced. The 3 ver rev. was almost tangential to 
the first bending curve. At 7 per rev. the intersection 
with the first bending would be at 80 r.p.m., and 8, 9 and 
10 would be close together. 

With a large number of blades, the wake effect tended 
to get less. With six blades, there would not be any oscilla- 
tions below 6 per rev. Seven per rev. would be quite close 
to the same point. When the freauency ratio became high, 
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it was difficult to distinguish between 6 and 7 per rev. 
Consider, for example, oscillations at 9 and 10 cycles 
per revolution. With a frequency ratio of 10, the cycle of 
the oscillation covered only 36° of the azimuth; with a 
frequency ratio of 9, it covered 40°, so there was only 
4° of azimuth to spare. 

Mr. Whitby: According to Dr. Jones, the records 
showed 10 and 4, but it could equally have been 9 and 3. 

Dr. Jones: He agreed that that was the case, within the 
accuracy with which it was possible to produce this sort of 
diagram. The interesting thing was that when considering 
3 per rev., supposing there were a three-bladed rotor, 
the 3 per rev. was nearly tangential to the first bending 
curve, which meant that the point of intersection could be 
over a quite wide range of rotational speeds. At 10 per 
rev. the intersection was a sharp one. By changing the 
rotational speed a little, there would be a big drop. 
Changing the rotational speed in the vicinity of the 3 
per rev. intersection caused little change. 

Professor Bennett: Perhaps the auto-rotative condition 
might become critical if there was considerable wash-out 
because then the velocity of flow through the rotor would 
become more uniform at a value approaching zero, and the 
flow pattern would be similar to that indicated by Mr. 
Hafner for a parachute. 

Even in the hovering condition, the distribution of 
induced velocity being visually far from uniform, regions 
of the blade when the induced velocity was small might be 
subject to wake excitation. Was this a possibility? 

Dr. H. F. Winny (Head of Technical Dept., Fairey 
Aviation Ltd., Associate Fellow): The author had remarked 
at the beginning that the same effect had been observed in 
forward flight. Listening subsequently to the discussion, 
however, one got the feeling that not much of this could be 
substantiated with forward flight. All the theory that the 
author had been putting forward was definitely for hover- 
ing. Presumably, when considering forward flight, all his 
theory would look entirely different and his conclusion 
would not be predicted. 

At the beginning, the author had said that experi- 
mentally he had found the wake flutter in forward flight 
almost of equal magnitude as for hover. 

Dr. Jones: The original tests were carried out over a 
range of tip speed ratios. The measured stresses at these 
frequency ratios were found over that tip speed ratio range. 
The recent tests at M.ILT., in which the aerodynamic 
damping of the blades had been effectively measured, 
showed that it was not much affected by forward motion. 
This was surprising, because one imagined the wake to be 
blown downwards and backwards. There were, of course, 
the wakes of the other blades, which passed quite close to 
the blade itself. 

Dr. Winny: That meant one got caught up with the 
next one? 

Dr. Jones: Yes. 

Dr. Winny: He would expect it to have been an 
appreciable effect. 

Dr. Jones: He would, too; wind tunnel measurements of 
the effective aerodynamic damping of the flapping motion 
at the various frequency ratios showed that forward flight 
made no difference. 

It was true that something peculiar was going on, but he 
simply did not know what it was. One could say that 
forward flight was likely to have less effect because the 
wake was moving downwards and also backwards, but in 
forward flight there was also some aerodynamic excitation. 

Even if the damping rose with forward speed, if there 
was some excitation from the rotation when measuring the 


power input one would think that the damping way 
unchanged. Energy was coming from somewhere ¢y 
which was not being measured but which was ng 
wake flutter. 

By using the ordinary aerodynamic theory, there woul 
not be the peaks in the response, but the peaks would g{jjj 
be there when using the wake theory, although the numbey 
must be modified by forward flight. It was hoped that, 
new “model” of the flow which was not available fo 
forward flight would throw some light on this point. 

Dr. Winny: He would have expected the wake effect to 
decrease appreciably with down-wash. Dr. Jones’ remarks 
related to particular collective pitches. Did they represen; 
a reasonable sort of down-wash? 

Dr. Jones: They were calculated roughly. The down. 
wash was about half the angle. The tests had been done 
from minus 4° to plus 5°. The tests were done at positive 
and negative incidences and the answers were substantially 
the same, although it was not too easy to do in practice. 

Dr. Winny: There would be a decay of the vortex as it 
came round to affect the blade itself. Had any attempt 
been made to allow for this? 

Dr. Jones: He had never tried working it out fora 
vortex of this type. The rate of diffusion in vortices was 
very small. A much more significant term would be the 
slipstream rotation. Instead of getting the critical speeds 
at an exactly integral number of cycles per revolution, they 
should come at a slightly different value. That would bea 
difficult effect to sort out. The r.p.m. range was quite wide. 
One could not draw a line precisely and say that it was a 
critical speed. 

Vv. A. B. Rogers (Fairey Aviation Ltd., Associate 
Fellow): As he was no aerodynamicist, he was rather 
confused by what he had heard. He would divide his 
questions into three basic considerations. One was the force 
occurring in the system, the second was the damping and 
the third was the natural frequency of the system. 

In the hovering condition, it had been suggested that 
there was no oscillatory force, but from what had been 
said about wake one could imagine that there could be 
considerable oscillatory force in the hovering condition. 

Assuming that some force might be occurring, one could 
understand the argument with regard to the damping and 
the change of damping and also that in any blade system 
there were natural frequencies to consider. 

What was puzzling was that the frequencies that were 
occurring were conveniently placed to give natural fre- 
quencies at the r.p.m. with which one was concerned. There 
was, therefore, a region where it was possible to resonate. 
The damping could effect the resonance but, to get any 
resonant condition to tie up with the natural frequency 
diagram, force was needed unless the motion was 
self-excited. 

In the hover, the whole object of what was being 
explained was that oscillatory stresses occurred in the hover 
and the wake theory was supposed to explain this. Could 
the author amplify it a little? A force must be produced to 
get amplification. If this was so, the extension then into 
the forward flight régime seemed still to be somewhat 
confused. 

If the author had his natural frequency at flight r.p.m. 
he would still get his amplification in the forward flight 
condition anyway, since although large oscillatory forces 
did not occur if one considered “constant induced velocity” 
theory one could imagine variations in the induced velocity 


- which could produce harmonic forces of higher order than, 


say, first and second. Were not two things being mixed 
up here? 
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Dr. Jones: In the hover, when the blade oscillated, it 
would shed a wake which would affect the flow pattern past 
the blade in such a way as to produce a reduced damping. 
Assuming that the blade oscillated for some reason, the 
effect of the wake was to reduce the damping. This was 
clear. The flexural damping, for the mode of oscillation on 
which the flutter was first found, did not become negative. It 
became small, but not negative. Obviously, therefore, there 
must be some form of excitation to account for the motion. 
It had given a number of headaches to explain where this 
force came from in the hovering. 

On their early tests on models in the ’fifties, M.I.T. 
tidied up their rig and got rid of some mechanical excita- 
tion but did not eliminate the vibration altogether. A much 
better explanation was that random excitation was present, 
not due to the vortex wake which was shed, but due to the 
viscous wake which was always present behind the aerofoil. 
The blade, as well as being subjected to the induced velocity 
field of its own shed vorticity, would be subjected to this 
random disturbance produced by its wake or the wake of 
the other blades. They appeared to be in a free oscillation 
at roughly their natural frequencies but the amplitude did 
not stay constant; it showed some “ beating.” 

His own tests, done some time ago, showed that the 
amplitude never stayed constant. The original American 
tests showed marked but regular changes in amplitude from 
time to time. One got the impression that the force that 
was being sought was simply the random air flow which was 
present. There was reduced damping simply because of the 
shed wake at that freauency. The natural frequency was 
there and could not be avoided. 

Mr. Rogers: He would suggest that it could be quite 
some way away. 

Dr. Jones: He disagreed. It was the feature of Fig. 1 
according to which one assumed that there was a reasonable 
rotor speed range of 0-300 r.p.m. According to this, a 
frequency ratio from infinity to 3 cycles per revolution 
would be covered within the speed range. At each of these 
speeds there would be some wake effect. 

Mr Rogers: One need only consider one rotational 
speed, that was, the one in the hover. 

Dr. Jones: The hovering r.p.m. could be adjusted so that 
there was not coincidence and so that nothing of the kind 
resulted. If, however, it could not be adjusted, there would 
be this sort of wake flutter. This was how it was originally 
found. On the original American tests, it was not possible 
to alter the r.p.m. range sufficiently to get out of the wake 
flutter bands. 

Mr. Rogers: When this was not the case something else 
was occurring; this also applied to forward flight. and to 
the condition referred to by Mr. Fitzwilliams when 
approaching the hovering condition. There were many 
other things going on which would affect the stresses. 

Were the solutions put forward by the author enough? 
They might help a particular situation, but were they 
sufficient to explain all the things that were unknown about 
the flow condition basically? 

Dr. Jones: He would deal first with induced velocity 
Variations.. These stresses were extremely large. The 
oscillatory amplitude was of the order of the mean bending 
stress. When using conventional aerodynamic theory, the 
amplitude for a given excitation would fall as the frequency 
ratio went up, because it was inversely proportional. There 
would have to be severe variations in induced velocity, of 
the order of the mean induced velocity and strung together 
very closely, to get this sort of excitation. This was 
Possible, but it ran into the next part of the question: What 
was induced velocity? 


He did not want to lay too much stress on the fact that 
all the work had been done in the hovering condition. This 
was necessary because it was the only solution to which an 
answer could be found. The important result was that the 
effect of the blade motion on the aerodynamic force was 
very large. In other words, to revert for a moment to the 
ordinary fixed wing idea, one twisted the blade and would 
get a vortex shed which reduced the instantaneous lift by 
50 per cent. In the case of the helicopter, it could reduce 
the lift by 95 per cent continuously. The effects of the blade 
motion on its own aerodynamic forces were of a completely 
different order of magnitude. His own opinion was that 
the induced velocity must have some effect in forward flight. 

What Mr. Rogers was saying was that there was such a 
thing as an induced velocity distribution, which if it could 
be calculated, was then superimposed on the rotor, and that 
the blade motion could be calculated therefrom. This, how- 
ever, was unlikely. As soon as the blade started to move, 
it would alter the induced velocity distribution, partly 
because the circulation round the blade changed and partly 
because of the wake effect. One did not know the straight 
answer to the question, but it was unlikely that the induced 
velocity calculation could be separated from the blade 
motion calculation. 

Mr. Rogers: He accepted that. The two then got tied 
up together, but it was all a matter of degree. 

Dr. Jones: The principal conclusion he drew from the 
wake theory was that they were more tied together than 
had been anticipated. Since it was not possible to do the 
calculation with them both in, it had to be done 
experimentally. 

Mr. Hafner: He would suggest that the coupling effect 
should not be over-stressed. Dr. Jones was saying that the 
induced velocity was produced by the motion of the blade 
and that there was a complete loop. One could probably 
make a useful calculation of flapping motion in forward 
flight and merely regard the induced flow as an uneven 
flow, the load itself not being affected by the rumbling of 
the blade. The “give” of the air and the random 
movement was very small. 

Dr. Jones: He agreed. The interesting thing was 
Mr. Willmer’s paper on the calculation of blade motion in 
forward flight. Using quite an elaborate theory, Mr. 
Willmer had managed to calculate the response and he 
had got a much better agreement for flapping response than 
anybody had done before. This, however, was only for the 
first harmonic. What it would be like for the overtone 
modes at other harmonics, one would not like to say. 

W. E. Hooper (Bristol): To what extent could Dr. Jones 
place faith on existing conventional flutter calculations? 
Was it simply a matter of working at higher incidence 
with the hovering helicopter and getting away from the 
wake flutter effect, or was it also a auestion of making sure 
that the natural freauency was away from _ integral 
multiples of rotor speed? 

Could Dr. Jones produce any evidence to confirm his 
theory from the Rotodyne which, as a four-bladed auto- 
gyro, was regularly flying in conditions likely to bring about 
wake flutter? 

Dr. Jones: He could not answer the last question. 
Nobody from Fairey’s had suggested that it might be 
occurring on their blades. 

Mr. Rogers: It had not. 

Dr. Jones: Mr. Hooper had asked about the amount of 
faith that could be placed in ordinary flutter calculations 
as a result of the wake theory. Fig. 9 showed a flutter 
boundary calculated using, first, quasi-steady theory and, 
secondly, wake theory, plotted against frequency ratio, with 
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an integral value. The abscissa was (x/c) where x was the 
c.g. offset from the auarter chord. This assumed a blade 
free to pitch as a rigid body but with a c.g. offset. 

According to the diagram, there would not be classical 
coupled flutter until there was a c.g. offset of 5 per cent of 
the chord. For further c.g. offsets, there would be this 
sort of flutter boundary. The ordinate was not the critical 
speed, but it was related to it. 

The solid lines were for the same blade in exactly the 
same conditions using wake theory. In terms of c.g. offset, 
wake theory always gave a safer prediction than quasi- 
steady. It always predicted that flutter was less likely to 
happen. There was an interesting explanation for this. At 
an integral frequency ratio of 2-0, classical coupled flutter 
was impossible according to wake theory. This was related 
to the fact that when the incidence was changed, some lift 
was derived from it. With classical coupled flutter, as the 
blade flapped upwards the nose was twisted upwards and 
there was more lift to maintain the upward motion. 

There were two important terms in the flutter 
calculation. One was the lift due to twist and the other 
was the c.g. offset. According to the wake theory, there 
was no, or extremely little, lift due to twist. What happened 
was that one had a system where, when the aerofoil pitched 
nose up, one did not get any lift out of it at an integral 
ratio. At a frequency ratio of 1-5, the wake had very little 
effect anyway, so there was not a great deal of difference 
between the results for the two sets of derivatives. 

In the example, the mean incidence was not zero. It 
was probably quite small, but it was not zero. 

As the mean incidence had been increased, the curves 
would tend to become coincident. There was no need to 
put a figure to it. If the flexural axis was at the quarter 
chord, by doing a calculation using ordinary derivatives 
one would get the worst possible case. If the flexural axis 
was moved away from the auarter chord, regions of 
negative damping would be created. If the flexural axis 
was moved after the ouarter chord, there would be regions 
of reduced damping at 3-1, 4-1 and 5-1. If the flexural 
axis was moved forward, it could become negative at 2-9 
and 3-9. 

In that case, quasi-steady theory gave a conservative 
answer, but what it did with the flexural axis at 12 per cent 
chord was anybody’s guess. There would not be classical 
coupled flutter at integral freauency ratios, because there 
was no lift due to twist at those frequency ratios. 

Mr. Rogers: “ Auto-rotation ” was a loose word. One 
was not running at zero incidence. There was quite a lot 
of flow through the rotor to keep the profile power going. 
To use the Rotodyne as an example was not a fair case. 

Dr. Jones: The only thing to which he would commit 
himself about forward flight was that the wake would have 
some effect on the answers, but precisely what the explana- 
tion of the American results was, he did not yet know. 

Dr. Winny: Would it not be interesting to do experi- 
ments to substantiate the curve on Fig. 9 which showed the 
difference between wake theory and quasi-steady theory? 

Dr. Jones: If the blade were twisted upward at a certain 
frequency ratio, it would not produce any lift at that 
frequency. That was the difference. 

Mr. Fitzwilliams: Did Dr. Jones accept that the strobo- 
scopic pattern could build up although the incidence change 
was still very slow in relation to the path length? 

Dr. Jones: The Wagner effect was due to the presence 
of the shed vortex near the trailing edge. In the Wagner 
effect, if the incidence were increased instantaneously, one 
would get a vortex, but it was obvious that once the 
vortexes got more than a few chords away from the aerofoil 


they would not have much effect. On the helicopter they 
would not be more than a few chords’ length away fo; 
some time. 

Mr. Fitzwilliams: Was Dr. Jones saying that the build. 
up of the stroboscopic pattern meant that the blade muy 
have shed the vorticity to build up the pattern? 

Dr. Jones: An interesting case which it was possible to 
produce experimentally was that of a parallel blade rotating 
at zero incidence so that it was continually passing through 
its own wake. If it was rotating and it oscillated at ap 
integral number of cycles per revolution, it would shed 
vorticity and one revolution later it would pass through 
that disturbance and cause it to shed more vorticity, and s 
on. There would be a thicker sandwich of vorticity. 

Mr. Fitzwilliams: Perhaps that was the typical noise of 
the Gyrodyne. 

Dr. Jones: During the build-up of oscillation, there 
would be a build-up of vorticity. Finally, the blade would 
be oscillating so that its inclination was changing; but 
while it was changing due to its own motion, it was also 
moving round an induced velocity field which was changing 
its value in exactly the same way but oscillating, so that its 
incidence always stayed zero. 

Mr. Hafner: There was the example of a cascade of 
blades in a line and he wondered if, when one was far 
enough away from either end, the blades continued to flap 
in exactly the same way. 

Dr. Jones: Yes. Dr. Whitehead, at Cambridge, had 
done a calculation for a cascade with a very large amount 
of stagger—70°—and had got the same sort of answers. 
Whenever the wake pattern could fit itself neatly into the 
gap, this would happen. It was possible on an aeroplane 
with two lifting surfaces, one at the front and one at the 
back. If it had an appropriate natural frequency, the 
whole thing could be made to build up on oscillation. 

Professor E. J. Richards (Professor of Aeronautical 
Engineering, University of Southampton, Fellow): He 
thought that the implication made that forward flight would 
increase the tendency for wake oscillations could not be 
true in the limit. For instance, with a « of one the vortex 
set up by the four blade crossing from left to right could 
be convected backwards such that it would exist over the 
same blade half a rotation later going from right to left. In 
this case there would be a tendency to damp the motion 
rather than to enhance it. Thus with a » of one he would 
expect the law to be entirely different and the mechanism 
to be one of damping rather than resonance. 

Dr. Jones: He was inclined to agree. In that case, one 
could get resonance at the integral plus half value. Provided 
the phase was right, it did not matter what the frequency 
ratio was. For a symmetrical system, there had to be 4 
whole number of cycles. For forward flight, it was not 4 
symmetrical system. 

Professor Richards: Could the same thing happen due to 
cyclic pitch in forward flight rather than due to resonance 
due to the wake? 

Professor Bennett: There was cyclic feathering with 
respect to the tip-path plane as a result of flapping which, 
at tip-speed rotors greater than three auarters gave negative 
damping of the flapping motion, as had once been 
suggested by Glaust and Shone. 

Dr. Jones: It was not an instability; it was a forced 
motion. If this theory could be carried over with modifica- 
tions, as soon as one used the cyclic pitch to establish a0 


‘oscillation of that sort, it would no longer generate vorticity 


because there would be no lift due to the cyclic 
pitch changes. 
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The Difference Function Approach to the 
Overall Aerodynamics of Guided Missiles 


by 


C. A. FORSTER, M.A., M.Sc. and A. C. SOUTHGATE, B.Sc., D.C.Ae. 


(Guided Weapons Division, English Electric Aviation Ltd.) 


SuMMaARY: With cruciform missiles it is usual to express overall aerodynamic forces and 
moments in terms of aileron, elevator and rudder angles. It is shown that an alternative 
formulation in terms of individual control angles is both more general and more revealing. 

The fundamental assumption is that the overall coefficients can be expressed sufficiently 
accurately as the sum of independent control effects and of the mutual interference between 
adjacent controls. This assumption has been found to be valid over quite wide regions of 
supersonic Mach number, body incidence and control deflection for some typical cruciform 
rear control missiles. In principle the method applies at all speeds and to all types of layout, 
but it seems likely to be less widely applicable at subsonic and transonic speeds and to moving 
wing and canard layouts. The region of applicability is ultimately a matter of experimental 
investigation for each missile. 

This new approach gives a clearer understanding of cross-coupling effects, simplifies and 
improves the accuracy of a mathematical model of the aerodynamic characteristics, and 
facilitates the interpolation of wind tunnel test measurements. These measurements are made 
on configurations with two adjacent controls deflected and the other two controls either 
always undeflected or always removed. The test programme can be matched more easily to 
the aerodynamic characteristics, and the testing time is much the same or significantly less 
than for a comparable preeramme involving combinations of aileron, elevator and rudder 
settings. Greater demands on experimental accuracy are imposed, however. 

There is considerable scope for research work in investigating the applicability of the new 
technique to various types of missile layouts and to assessing the relative merits of having 


the two dummy controls undeflected or removed. 


1. Introduction 


Throughout most of this paper the technique of 
difference functions is related to missiles with cruciform 
symmetry, that is with four equal wings and four equal 
in-line or interdigital controls uniformly spaced round 
a circular body. The method shows its greatest power 
for such missiles, but application to other types of 
layout is briefly discussed in Section 10. 

Cartesian control of guided missiles normally 
involves response to independent steering demands in 
pitch, yaw and roll. It is often found, however, that a 
fesponse in pitch, say, obtained by elevator deflections 
is accompanied by a response in yaw and roll. Such 
aerodynamic cross-coupling characteristics may arise 
from several sources : 


(a) normal force versus incidence on a single 
control may be non-linear. 

(b) changes in chordwise and spanwise centre of 
pressure position. 

(c) a rear control surface operates in a distorted 
flow field induced by the wing and body so that 
its characteristics depend on its orientation 
relative to the wings and to the body incidence 
plane. 

(d) mutual interference between controls so that the 
forces produced on one panel and the associa- 
ted carry over forces on the body are affected 
by deflections of other panels. 


Figure 1 compares the rolling moment on a typical 
fear control cruciform missile obtained by an aileron 
deflection of 10°, first with elevators and rudders 
undeflected and then deflected 20°. The elevator and 
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rudder movements clearly produce important rolling 
moments, sufficient in the worst position to cancel the 
rolling moment of a 10° aileron deflection. 

In the usual programme of overall force and moment 
tests, the model configurations are defined in terms of 
aileron, elevator and rudder angles (we shall refer to 
this as the £7 ¢ technique). The results of such a pro- 
gramme provide no proper understanding of aero- 
dynamic cross-coupling phenomena, as all four controls 
are usually deflected by different amounts. It is often 
expedient to supplement such tests by measurements of 
individual panel forces. 

Furthermore, the cross-coupling effects are markedly 
non-linear in £ 7 ¢, so that to define them adequately a 
large number of configurations should be tested, more 
than available time and effort usually permit. With a 
restricted number of tests difficulties can arise in inter- 
polating the available information. 

The matching of the auto-pilot design with the 
complex aerodynamic characteristics requires extensive 
numerical studies using digital and analogue computers. 
This in turn requires some functional representation of 
the aerodynamic forces and moments which depends on 
at least six variables: Mach number, body incidence, 
roll angle, elevator, rudder and aileron angles. In view 
of the complicated form of this dependence, the 
representation has proved a very difficult task and has 
only been done relatively crudely. 

The technique proposed in this paper is a more 
fundamental approach, in which the overall forces and 
moments produced by arbitrary control deflections are 
obtained as the sum of four contributions depending 
mainly on the separate movements of each control. 
These contributions are called difference, or D, func- 
tions. Strictly they are functions of five variables: 
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FicureE 1. Increment in rolling moment. M=1-6, 6=22°. 


Mach number, body incidence, roll angle, and two 
control deflections, but one control has only a minor 
effect. The form of this dependence is also less complica- 
ted than for the € » ¢ case, so that interpolation is easier 
and wider spacing of control deflections can be made in 
the test programme. The analytical formulation now 
involves only four main variables and the difficulties are 
much reduced. Furthermore, greater insight is obtained 
into the various causes producing the non-linearities and 
cross-couplings. 

The application of the technique is not general but 
depends on one fundamental assumption which requires 
checking for each layout. Checks so far made have been 
quite encouraging, however, and it is expected that the 
D function technique will apply sufficiently accurately to 
most rear control missiles over wide ranges of Mach 
number, body incidence and control deflections. No 
information is yet available on its application to moving 
wing and canard layouts. 


NOTATION 
a,b arbitrary control deflections 
C the array of coefficients C,, C., C;, Cn, Cr 
overall moment coefficients in roll, pitch 
and yaw respectively 
overall force coefficients in yaw and pitch 
respectively 


C., Cus Cc, 


d,D 
M 
Oxyz 


QE re ansmPu 


difference functions 

Mach number 

rectangular axes fixed in the missile with 
origin at the moment datum, see Fig. 2 
primary control deflection effect 
mutual interference 

triple interference 

quadruple interference 

difference function 

aileron angle 

elevator angle 

rudder angle 

body incidence 

roll angle 

primary control effect 

mutual interference 

control deflection 


A bar over C indicates a coefficient with controls 3, 
4 undeflected. 


Suffixes 


bw 
bwe 


refer to controls 1, 2, 3, 4 respectively, 
see Fig. 3 

body-wing (controls removed) 
body-wing-controls undeflected. 


Figures 2 and 3 illustrate the notation. In Fig. 3 the 
arrows on the controls indicate the deflections of the 
leading edges for positive « values, and the central 


ie) 
é, 
Cm, 
Cn 


FIGURE 2. 
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(7, +o,)=4 (7, +o,) 
n=+(c,—¢,) 
(=4 (7,—¢,) 


FicurE 3. View from behind. Arrows indicate control 
leading edge deflections. 


arrow indicates the deflection of the nose apex giving a 
body incidence @. 


2. Logical Basis 

All functions in this section depend on @ and ¢ as 
well as the control deflections specified, and they all 
have five components y, z,/, m,n. Let C(o,,0,, 03, 74) 
denote the overall force and moment coefficients for 
arbitrary control deflections o,, 73, 

Consider the missile at a given incidence and roll 
angle with all controls undefiected. The overall coeffi- 
cients are Ciwe. 

Deflect control 1 by ~, and let the overall coefficients 
now be Ciwe+p,, that is, deflection of control 1 alone 
produces an increment p, so that 

p,=C(e,000)—C (0000). ; (1) 
Po, Ps, P, are similarly defined for deflections of controls 
2, 3, 4. 

Deflect controls 1, 2 by o,, o, together and let the 
overall coefficients be Ciwo+ Pi: +P2+4i2. The effect of 
the double deflection includes not only the effects of the 
separate deflections but also a mutual interference term 
Where 
9:2=C (7,0, 00)—C (c, 000)—C (0c, 00) +C (0000) 
(2) 

Deflect controls 1, 2, 3 by o,, o2, 7, and let the 


overall coefficients be Ciwe+ DP, + Pot Pst+i2+ ost is 
+125. This involves a triple interference r,., where 


has =C (00,0, 0)—C (7,0, 00)-C (0 2,0, 0)— 
~C (o, 0.7, 0)+C 000)+C (Oo, 00)+ 
+C(00c, 0)—C (0000) 
(3) 


T3412 are Similarly defined. 


Finally deflect controls 1, 2, 3, 4 by 7,, 7,, 75, 7, and 
let the overall coefficients be 


C + Pit Pot Pst Pat Gost 
+ Gait Gis + Goat lies + Vesa Sizse 
(4) 
with a quadruple interference s,.,, given by 
$1034 =C (¢,0,0,;0,)-—C (¢,0,0, 0)-—C (0 0,0,0,)— 

(0, 00404)-C (0,0, 0.04) +C (007, 00) + 
+C (00,0, 0)+C (000,0,)+C (¢,000,)+ 
(c,000)- 

—-C(0c,00)—C (00¢, (00900). 


The development so far has been perfectly general, 
and equation (4) may be considered as a generalised 
Taylor expansion of C (c,,c,,0,,0,) in terms of the 
p, q. r, functions. 

The whole formulation of the D function technique is 
that triple and quadruple interferences and mutual inter- 
ferences between opposite controls are negligible. This 
corresponds to omitting the higher order terms in the 
generalised expansion. 

The basic assumption is that each overall coefficient 
C,, C. Ci, Cn, Cn can be expressed to a sufficient 
approximation in the form 


(,0,0,0,)= 
Cowe + Pit Pat Gi2t+ Gos Qar- 
(5) 


The € 7 ¢ technique is to deflect the controls in pairs 
as elevators and rudders and all four as ailerons. Simul- 
taneous application of ailerons, elevators and rudders 
generally results in all four controls being deflected by 
different amounts. 

The D function technique involves the deflection of 
only two adjacent controls, or as a special case only one 
control. The total effect of arbitrary deflection on all 
four controls is then found by adding together appro- 
priate combinations of the results with two controls 
deflected. We obtain overall force and moment coeffi- 
cients with controls 1, 2 at o,, +, and controls 3, 4 
undeflected. 


C (7,0, 0 0)=Cowe + Pi + Po t+ 
Subtract from this the corresponding result when o,=0 
C 00)=Crwe + Po 
to obtain the difference function D, (c, «,):— 


D, (¢,0,)= 


=C (c,c, 00)—C (0c, 00) 

Similarly D, (¢,,0,;), D,(o,, are defined. 
We repeat that all D functions depend on @ and ¢ as well 


as two control deflections, and they all have five 
components y, Z, /, m, n. 
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Equation (5) may now be written 
C + D, (6,02) + Dz (0203) + 
+ D; (o30,)+ D, 
We have therefore obtained each overall coefficient for 
any arbitrary deflection of all four controls as the sum of 
five terms; the first term is the undeflected tail character- 
istic and the last four terms give the additional effect due 
to control deflections. 

It is only necessary to obtain D, (c,, c,). It is not 
difficult to see from physical considerations that D,, D,, 
D, can be expressed in terms of D,; the detailed relation- 
ships are obtained in Section 5. 


3. Discussion of the Basic Assumption 
If the triple interference r,,, is negligible, then 
equation (3) may be written as 


C 00)—C (c, 000)-C (07,00)+C (0000) 
=C 0)—C 0)—C (00,0, 0) + C (00, 0) 


or from equation (2), the mutual interference between 
controls 1 and 2 is the same whether control 3 is 
deflected or not. Similarly the mutual interference 
between controls 2 and 3 is the same whether control 1 
is deflected or not. Thus we may say that the mutual 
interference effects between adjacent controls are 
additive and between opposite controls are negligible. 
It was the absence of mutual interference between 
Opposite controls in several panel force and moment 
measurements of cruciform missiles with rear controls 
which prompted us to search for a valid aerodynamic 
representation in terms of individual tail deflections 
rather than aileron, elevator and rudder movements. 
Closer study of the data showed that the interference of 
adjacent controls on a panel was approximately additive. 
Simple theoretical considerations provide some 
explanation of these features of interference. Certainly 
at small body incidences and small deflections of con- 
trois with supersonic leading edges, the influence of a 
control will be confined within the Mach envelope from 
the leading edge. If adjacent controls lie outside this 
envelope, there will be no interference on the panels. 
There may be some interference on the body itself, but 
for circular bodies this can cause no rolling moment and 
generally only small effects on the other components, 
especially if the controls are close to the end of the body. 
As the Mach number decreases, the interference spreads 
laterally until the near surfaces of the adjacent panels 
are affected but not the remote surfaces nor the opposite 
panel. The mutual interference between adjacent 
controls is then mainly confined to the quadrant between 
them, and we should expect such effects to be additive. 
Clearly such simple considerations break down when 
body incidence and control deflections are large, and 
detached shocks and viscous effects dominate the flow. 
The theoretical model may be helpful, however, in 
providing a simplified physical picture of the flow. It 
also suggests that the D function technique is likely to be 
less useful at subsonic and transonic speeds, but becomes 
more accurate with increasing Mach number, until a 
stage may be reached when even the mutual interference 


between adjacent controls is negligible and the tot) 


control effect can be specified from a very few test runs } 


involving deflections of only one control. 

It is emphasised that for any given model the regions 
of Mach number, body incidence and control deflection 
in which the basic assumption, equation (5), is satisfied 
to a sufficient approximation must ultimately be decided 
by experimental investigation. From checks carried ou 
on some typical rear control missiles it seems to be valid 
over quite a wide range. 

The function p, is defined by equation (1) as the 
increment of overall coefficients due to deflecting 
control 1 by «, from its zero position, the other controls 
remaining undeflected. The change in pressure distribu. 
tion producing this increment is not necessarily confined 
to the deflected panel but can cover the entire body 
surface and the other three undeflected control panels, 
p, may therefore contain interference of one panel on 
adjacent or even opposite panels, and it must be noted 
that such interference is excluded from what we have 
called mutual interference between two controls or 
q functions. Mutual interference, as we use the term, 
means the difference between the increment due to 
deflection of two controls together and the sum of the 
increments due to deflection of each alone. The associa- 
ted change of pressure distribution is again not 
necessarily confined to the two deflected panels and the 
body area between them, but can cover the entire body 
surface and the two undeflected panels. The increments 
can be distributed in any way whatsoever and can vary 
with control deflections, body incidence and roll angles 
in any way whatsoever so long as equation (5) remains 
satisfied. 


4. Derived C Functions 

The wind tunnel testing requires five component 
measurements of configurations in which controls 1, 2 
are deflected and controls 3, 4 undeflected. These 
measurements are made over a range of body incidence 
and over the complete range of roll angle. We adopt 
the convention that 6>0 and 0<¢# < 360. Let the 
results for the test when o, =a and o, =b be denoted by 

(9¢ab) 
C. (6945) 
(69 ab) 
Cn (69 ab) 
(O@¢ab). 
We call this a measured C function. 

It is not necessary to measure all combinations of 
(a, b) required for the D functions, because at least half 
of them can be derived from measured values by the use 
of symmetry. Consideration of Fig. 4 leads to the 
following relations 

C, (6¢ab)=+C, (090-4 —b —a) 
C.(6¢ab)=+C, (690-9 —b —a) 
(69 ab)= —C, (090-9 —b —a) (:)) 
C,.(0¢ab)= —C, (090-9 —b —a) 
C, (9 ¢ a b)= —Cn (890 —b —a) 
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C, (6¢9a0)=+C, (0180-9 —a0)=+C, 2700a)=+C, (090-90 —a) 
C.(6¢a0)= —C, (6 180-9 —a0)= —C, (69+ 2700a)=+C, (690- 90 —a) 


C,6¢a0)=-C, (6180-9 —a0)=+C, (69+ 2700a)=-C, (090-90-a) } 


Cn (89 a0)= —C,, (9180-9 —a0)=+C, (69+ 2700a)=—C, (090-90 —a) 
C,(9¢.a0)=+C, (6 180—¢ —a0)= -Cn(6¢+ 2700a)=—-C,, (090-40 —a) 


We see that a measured C function with only one 
control deflected gives three derived C functions also 
with only one control deflected. A measured C function 
with two controls deflected gives one derived C function 
with two controls deflected, unless a=-—b when 
measurements can be restricted to 45° = # =< 225° and 
symmetry used to extend the results over the remainder 
of the ¢ range, or else measurements can be made over 
the complete range of ¢ and symmetry used as a check 
on the experimental accuracy. 

The number of measured combinations required is 
considered in Section 6.1. 


5. D Functions 

We have defined D, (c,,«,) in equation (6) as the 
increment in overall forces and moments due to deflect- 
ing control 1 by «, with control 2 held constant at o,, 
and we may loosely regard D, as the contribution of 
control 1 to the overall coefficient. Similarly D,, D,, D, 
are the contributions of the other controls. 


30rotafion 


b 


+ 
Mirror reflection 


FiGuRE 4. 


D, is primarily a function of o,, with «, occupying a 
minor role, and we have already obtained the relation 
D,=Pp,+4q,2 splitting it into two functions. p, is the 
dominant term depending only on o,, and q,, is the 
subsidiary term including the effect of o,. From 
equations (1), (2), (6): — 

p,=D, 0) 
9:2 =D, (7, 0). 

It is a very important advantage of this new 
technique that the dominant contribution of control 1 to 
the overall forces and moments is a known function of 
only four variables M, 6, , 7,. By contrast the (€ 1 4) 
technique gives functions of six variables M, 9, 


The following relations may be noted : 
from equation (6) 


D, (0 c,)=0 for all values of oc, 


from equations (1) and (9) 
Py (69 a)= +p, (6 180-9 —a) 
p: (9 a)= —p. (8 180-9 —a) 
pi (9 ¢a)=—p, (0180-9 —a) 
Pm (8 @)= — Pm (8 180-9 —a) 
Pn (9 9 a)= + pn (6 180-9 —a) 
from equation (1) p=0 if a=C 


from equations (2) and (8) 
q,(0@¢ab)=+ q. (690-9 —b —a) 
qe (99a b)= +q, (690-9 —b —a) 
q(9¢ab)=—q (090-9 —b —a) 
Gm (6.9 ab)= —qn (090-9 —b —a) 
qn (9.9 a b)= —Gn (890-9 —b —a) 


from equation (2) q=0 if a=0 or b=0. 


We next obtain the relations expressing D,, D,, D, in 
terms of D, and then give the final equations for the 
overall coefficients with arbitrary control deflections. 


FIGURE 5. 
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Consider Fig. 5 in which each view is obtained by a 90° 
rotation the previous one. We have SOIT Tr 
C, (6¢0ab0)=-C. (6¢+90ab00) (a) 20) o |TIT| TITIT 
C.(6¢04ab0)=+C, (69+90ab00) 10 Tl oltith 
(6¢+90ab00) 
Cn (6¢94+90ab00) ololo|T/TITIT 
C,. (6 904b0)=+C,, (69+904600) “10 
C, (6¢00ab)=—C, (6¢+180ab00) “20! ol TIT 
C.(6¢00ab)=-—C, (6¢+180ab00) -30 
C,(0¢00ab)=+C, (69+180ab00) O10} 0} of 
Cn (6¢00ab)= —Cy 1804600) -20-10 © 10 20% 
C,, (6¢00ab)=-—C, (6¢+180ab00) be 
C,(6¢b00a)=+C. (69+2704ab00) T| TI] o|TITIT 
C,(6¢b00a)=+C, (69+270ab00) 
Cn (6¢b00a)=+C, (6¢+2704ab00) 2 ° 
C, b00a)= —C,, (6¢+270ab00) S 
Subtracting the corresponding results with a=0 gives “10 19 ° Q 
D., (6¢ a b)= —D,.(09+90ab) -20 
D,. (6 ¢ a b)= + D,,(6¢+90ab) : 
a b)= + (6¢+90ab) o of TI TIT 
Dom (9 9 a b)= —D,.(69+ 90a b) -30 -20-10 0 40 20 4 
Dyn (0 a b)= + Dyn 9 +90 a b) 
Ds, (0 ¢ a4 b)= —D,,(6 9 + 180 a b) 30 
D,. (6 a b)= —D,.(6 9+ 180.4) 
Dy + (10) (c) 
(6 a b)= — Dyn(6 + 180 a b) 40 
Dyn a b)= —D,n (6 180 ab) ololololtititit 
D,, (6 ¢ a b)= + D,.(6¢+270 ab) 
D,.(6¢ab)= —D,,(6¢+270ab) 
Dy (6 ¢.ab)= + Dy (6¢+270a5) 
Dm (0 a b)= + D,, (66+ 270 ab) - 30 
Dn (9 9 b)= — + 270 b) T=Measured combination. -20-10 O 10 20 30 
Equation (10) expresses D,, D,, D, in terms of D,. o=Derived combination. a7) 
Overall coefficients for arbitrary control deflections may FIGURE 6. 


now be written from equations (7) and (10) 


C, (6 9 7,0,0,7,)=C, (690000)+D,, (69 7,0.) —D,.(6¢+ 90 o,0;)—D,, (6 9+ 180 0,0,)+ D,.(69+270 
C. (69 (9¢0,0,)+ D,, (6¢+90 180 


C1 (9 7172737 )=Ci (6 9000 0)+ Du (6 07102) + Dy 6 9 + 90.0205) + Diu (6 + 180. Di (O9+2700,7,) (Il) 


(6.9 )=Cn (690000)+ Dim (9 0172) (6.9 + 90 020) — (6.6 + 180 + D,, 270 o,0,) 
(6 9 (690000)+D,, (69 Dim (69+90 (6 ¢+ 180 0,0,)— (6 9+ 270 o,0,) 


6. Practical Test Implications 


6.1. NUMBER OF TEST CONFIGURATIONS 


The total number of runs with different control 
settings is a rough measure of the time and cost of 
obtaining the data, and it is now shown that the D 
function technique compares favourably with the £7 ¢ 
approach in this respect. 

Suppose that each control has deflection limits of 
+30°. If we take steps of 10° so that the whole range 
is covered by seven equi-spaced values, the total number 
of possible (c, «,) combinations is 49. 25 of these must 
be measured (including the undeflected tail case) and 24 


can be derived by symmetry as shown in Section 4. 
Fig. 6(a) shows the position, “ T ” denoting a measured 
and “o” a derived combination. 

Since o, is only of secondary importance, however, it 
will often be adequate to assign to it only three values, 
— 30°, 0°, +30° say. The number of (c,, «,) combina- 
tions is then reduced to 21 and requires 15 test runs. 
18 derived combinations can be obtained, giving data 
on 33 combinations altogether. Fig. 6(b) shows that ¢, 
has three values when o,=+10°, +20°, but seven 


. values when o,=0°, +30°. 


If mutual control interference is absent, as might 


occur on a missile at the upper end of its Mach number } 
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range, 7, can always be taken as zero. Only four test 
runs are required from which three derived runs are 
obtained as shown in Fig. 6(c). 

It can be seen, therefore, that the test programme can 
be related to the importance of the c, effect in D, (c, c,), 
a most advantageous feature of the technique. 

If we take the same steps of 10° over the range — 30° 
to +30° for each of €, », ¢, still with control deflection 
limits of +30°, there are 119 combinations of (€ » 4) 
which can be obtained by symmetry from 21 test runs. 
Interpolation of this data for arbitrary € » ¢ deflections 
would be less accurate than for the corresponding D 
function results. A fairer comparison might be to take 
steps of 5° in € » ¢ with € limited to +15°, » and ¢ to 
+30° and control deflections to +30°. The (€ 7 9 
combinations then number 671, obtained from 93 
test runs. 

Clearly no strict comparison is possible but it seems 
fair to say that the D function technique requires no 
more tests and may well need appreciably less. It is our 
experience that for the same missile tests on 15 (c, o,) 
combinations yielded much more useful data than 
21 tests based on the (€ » 0) technique. 


6.2. TEST ACCURACY 

A reasonable standard of model accuracy must be 
achieved so that use can be made of the cruciform 
symmetry. In forming D functions the effects of model 
asymmetries will cancel if two measured and usually if 
two derived C functions are used, but not if one 
measured and one derived combination are differenced. 
Alternatively, if significant model asymmetries are 
present, their effects should be removed at an early stage 
in the data processing before derived C functions are 
obtained. 

Equations (8), (9) and (11) show that C and D 
functions must be known at fixed values of 6 and related 
values of . Measurements in roll must be spaced to 
cover 90+, 180+, 270+, 360—© for any w 
between 0 and 45°, and it is usually convenient to make 
them equally spaced over the complete range, every 74° 
or 9° or 18° say. Because of possible tunnel flow 
asymmetries and the variation of sting bending correc- 
tions, it is never possible to obtain measured C functions 
at exactly the required values of 6 and ¢. An interpola- 
tion procedure is required in the initial data processing 
to correct all coefficients to prescribed values of 9, 9. 
Care should be exercised by the tunnel operators during 
the test runs to achieve settings close to the prescribed 
values, so that these corrections are small. 

D,(c,c,) is obtained by subtracting C (0c, 00) 
from C (c,o,00). Because the main contribution to the 
Overall forces on a rear control missile come from the 
wings and body, the change of force obtained by 
deflecting control 1 through <, is relatively small. Thus 
D, and D. are small and may be sensitive to experi- 
mental errors. On the other hand, they need be predic- 
ted to less accuracy because they make only a small 
contribution to the overall forces. It is often sufficient 
to calculate D,, D. from D,, D, and an assumed 
moment arm. 


The moments arising from control deflections must 
be of the same order as the C,. moments, for otherwise 
the controls would not be able to steer the missile 
properly. D,, Dn, D, are therefore of the same order as 
the measured data. For a normal scatter of experimental 
errors, the root mean square errors of the D funciions 
will be /2 times the corresponding R.M.S. errors of the 
C functions and as a percentage based on maximum 
values will be about doubled. In adding four D functions 
to obtain the total control deflection effect the R.M.S. 
error of the sum will be doubled. The error in obtaining 
C(¢,0,0,0,) by our difference technique is therefore 
about three times that of a direct measurement. A more 
severe requirement is thus placed on experimental 
accuracy, and this must be borne in mind throughout the 
whole process of model and balance design, test 
planning, tunnel operation and data reduction. 


7. Controls Removed 

A logic has been developed in Section 2 which allows 
an overall coefficient to be expressed as the sum of 
Cywe and four D functions giving the incremental effect 
of control deflections. A similar logic is now developed 
which regards the body-wing configuration as the base 
and which expresses the overall coefficient as the sum 
of Cy and four A functions. 

Using an asterisk to denote a control removed, we 
have analogous to equations (1)-(7), 


A,=C(c, * * *)-C(* * * 
=C (c,0, * *)—C(o, * * *)— 
—C (* o, * *)+C (** * *) 
C +A, + Ay fist + 
gat Part fist Pog t 
+ triple and quadruple interference. 
Neglect all triple and quadruple interference and mutual 
interference between opposite controls. 


Cc A, tA, +A,+A, fost t May 


A, 


=C (o,0, * *)—C(*o, * *) 
=A,+ Fis 
C (0,000 ,)=Cyy + A, A, (,03)+ 
+A, A, 
Tests are only required to obtain A, (c,c.). A,, Ay, 
A, are related to A, by equations similar to (10) with 
D replaced by A. Derived C functions are still obtained 
from equation (8), but equation (9) no longer holds. 


8. Check Programme 


A few illustrative results are now given, taken from a 
brief investigation of the validity of the D and A 
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6=24-4°+0-15° 
(4 controls on) 
e 


3 
P36 [e) 36 72 108 144) 
Cy 
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e 


x Direct measurement 
Synthesised value 


Ficure 7. C, plotted against 9. 25° elevator and rudder. 


function techniques at M=1-55 for the missile layout 


sketched in Fig. 2. 


With controls 3 and 4 undeflected, five component 
overall forces and moments were measured on five (c,7,) 


6=24-4°+0°15° 
(4 controls on) 


Cm 
a 
-8 


x Direct measurement 
© Synthesised value 


Ficure 8. C,, plotted against 9. 25° elevator and rudder. 


combinations, namely (00), (250), (2525), (25 ~25 
(—25 25). These are sufficient to obtain overall valyy 
by adding D functions for 25° elevator only, 25° ailery, 
only, and 25° of elevator and rudder, and these thr, 
(1%) combinations were also measured directly 
Measurements were made up to 30° incidence with , 
spacing in roll of 18°. Scatter in incidence was aboy 
+0-15° from the mean values, and roll angles wer 
within +0-2° of nominal values. Note that no interpol. 
tion to standard (9) values was carried out, but th 
corrections would be small. 


A comparison between the direct measurements and 
the synthesised values of C,C,,C,, for the equal elevator 
and rudder case at 25° nominal incidence is made ip 
Figs. 7-9. Most tests were made over the complete roll 
range, but advantage is taken of symmetry to duplicate 
results over a roll range of 180° (a small numem| 
adjacent to a point indicates repeated results to the scale 
of the graphs). This gives an indication of the exper- 
mental accuracy which was not particularly good. On 
the whole the comparisons are quite encouraging, and 
show that even at fairly high incidence and large control 
deflections the D function approach is quite reasonable 
for this particular missile layout. Naturally, better 
agreement was found at lower incidences. 

Some typical D,, functions are shown in Fig. 10, 
where the primary importance of 7, and the secondary 
role of «, are immediately apparent. Note also that the 
variation of the D,, functions with ¢ is much less con- 
plex than that of C, (€ 0) shown in Fig. 1; this is a use- 
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Ficure 9. C,, plotted against ¢. 25° elevator and rudder. 
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D(+ 25 +25) 


DG25 
D (+ 25 -25) 


24:4 + O15 


oe 


FicureE 10. D,, plotted against 9, 7, =25°, o,=0, +25°. 


ful advantage if an analytical formulation is attempted. 
Similar results were found for D, and D, functions. 

The check programme also included measurements 
of C (* * * *), C (* 25 * *) and C (25 25 * *), from which 
overall coefficients via A functions can be obtained for 
the 25° aileron case. The comparison with the direct 
measurement of C, is given in Fig. 11, and A, (25 25) is 
shown in Fig. 12. The results obtained from the 4 
functions are slightly better at this incidence than from 
the corresponding D functions. At other incidences the 
improvement is less, and in some cases the D functions 
give slightly better results. 

The available information on A functions is so 
limited at present that no judgment can yet be made of 
their accuracy in comparison with D functions. Some 
very interesting research work could be done in this 
connection. 


9. D Versus A Functions 


One disadvantage of the A technique is that more 
test runs are required, partly because of a loss of 
symmetry when only one control is deflected and partly 
because extra configurations with three or four controls 
temoved are required. The 25 and 15 test runs quoted 
in the second and third paragraphs of Section 6.1 
become 33 and 23 respectively to give corresponding sets 
of D and A functions. 

The D functions, representing the effect of deflecting 
the controls, will generally be of smaller magnitude than 
the A functions, representing the effect of both adding 
and deflecting the controls. The errors involved in 


interpolation and curve fitting are therefore likely to be 
smaller for the D functions. 
On the other hand, the A technique does give a 
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Figure 12. A, (25, 25) plotted against 9. 6 
clearer interpretation and understanding of the non- instance rudders and elevators of different sizes, the 7 
linear and cross-coupling effects, particularly if panel logical development leading to equation (7) still holds. 
loads and moments are also measured. The contribution We must now, however, work with two types of D 8 
of the «, panel to the yawing moment, for instance, is functions; D (o,7,)=C (c,c,00)—C (Oc, 00) and 
proportional to the total panel force, and not to the d(c,7,)=C (o,7,00)—C (c, 000) giving the effect of 9 
increment of panel force due to the o, deflection. deflecting controls 1 and 2 respectively. The total con- 
Because the A functions are primarily connected tribution of arbitrary control deflections is now made up 10 
with total loads on the controls, they are also preferable of two D and two d functions. The important equation 
from design and stressing considerations. (8) for obtaining derived C functions no longer applies, 
so that the number of test runs will be roughly doubled. Ul 


10. Further Discussion 

All remarks in this section apply equally well to D 
or A functions. 

Another advantage of the D function technique is its 
independence of any relation between control move- 
ments, such as aileron displacements being equal on 
opposite pairs of controls. If this condition is not 
satisfied the £ » ¢ technique has to be replaced by a more 
complicated €,£. approach. In transient flight, because 
of differences in aerodynamic loadings and servo charac- 
teristics governing each panel or because of the 
application of deflection or loading limits, it is found 
that controls do not always deflect together equally 
either as ailerons, elevators or rudders. The € 7 ¢ tech- 
nique cannot cope with this effect. The D function 
approach, however, applies to completely arbitrary 
control movements. 

If the missile lacks cruciform symmetry but is still 
symmetrical about the pitch and yaw planes, for 


-can be expressed as the sum of independent control 


The reduction in symmetry leads to a doubling of £7( 
tests also. 

We have expounded our new approach so far in 
relation to rear control missiles. It applies equally well 
in principle to canard and moving wing missiles, but 
because of the presence of considerable body length and 
aerofoil surfaces behind the controls, it seems less likely 
that the fundamental assumption will be satisfied for 
such layouts, at least over so wide a range of Mach 
number, body incidence and control deflection. Again 
there is considerable scope for research work in investi- 
gating the regions of application of the technique. 

The method is not restricted only to missiles with 
four controls but could be applied, say, to a layout with 
three controls spaced at 120° round the body. The 
basic requirement is only that the overall coefficients 


effects and of the mutual interference between adjacent 
controls. 
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Conclusions 


A new approach to the measurement and under- 
} standing of missile overall force and moment character- 
listics has been advanced. The method applies most 
powerfully to missiles with cruciform symmetry, but 
with suitable modifications it may apply to most types 
‘ of layout. The following conclusions have been reached. 


1. The fundamental assumption is that the overall 
coefficients can be expressed as the sum of 
independent control effects and of the mutual 
interference between adjacent controls referred 
to either the bw or bwe configuration as datum. 


The regions of Mach number, body incidence 

and control deflection in which the fundamental 

assumption is satisfied to a sufficient approxi- 
mation is ultimately a matter of experimental 
investigation, for each missile. 

3. It has been found to be valid for some typical 
cruciform rear control supersonic missiles over 
quite wide regions. 

4. It seems likely to be less widely applicable at 
subsonic and transonic speeds and to moving 
wing and canard layouts, but there is a 
complete lack of information on these matters. 

5. The D function approach gives a clearer under- 
standing of the mechanics of control cross- 
coupling. 

6. It simplifies and improves the accuracy of the 
analytical formulation of the aerodynamic 
characteristics. 

7. It facilitates the interpolation of the test data 
for arbitrary control angles. 

8. It is independent of any relation between 
individual control deflections. 

9. The number of test runs is much the same or 
significantly less than for the € 7 ¢ technique. 

10. The test programme can be matched more 
easily to the aerodynamic characteristics with a 
possible saving in the number of runs required. 

1l. The symmetry obtaining in the test runs with 
o,=-o, permits a useful check of the 
experimental accuracy. 

12. The error in the overall coefficients obtained 
through D functions is about three times that 
of a direct measurement. 

13. There is considerable scope for research work 

in investigating the applicability of the new 

technique to various types of layouts and to 

assessing the relative merits of D and A 

functions. 


bed 
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APPENDIX 
A TYPICAL MATHEMATICAL MODEL 


A mathematical model has been obtained from wind 
tunnel tests at M=1-6 and 2:0 on a cruciform rear control 
layout similar to Fig. 2. This is reproduced below as a 
practical example of the application of the D function 
technique. Space does not permit an account of the actual 
curve fitting techniques employed, but basically the method 
of least squares was used to obtain a polynomial fit in 
z and 8, where z=sin @ cos @ and @=sin 6 sin g. The 
method of Allen) is a possible alternative. 

In these particular tests overall coefficients were 
measured up to 25° incidence at a roll spacing of 9° or 18°. 
It was found that the g functions were generally within 
experimental scatter, and they were therefore neglected. 
Furthermore, it was assumed that to the desired accuracy, 


D,=D,,,/Tail arm 
—D,=D,,/Tail arm 


The final expressions for D,, D,, and D, are given 
below. They were obtained by progressively simplifying 
more general relations embodying many more terms and 
satisfying the relevant symmetries. The omission of fur- 
ther terms was found to produce significant deterioration 
in accuracy. 


D,(c,, 0)=a,o, +4,0,° + a,o + a,0 
Dy (o,, 0)=b, 0, + + 2 + 


Equation (7) shows that the total coefficient depends 
on the body-wing-undeflected tail contribution plus the 
sum of four D functions. The final body-wing-tail formu- 
lation was :— 


Ciywo= 38 (32 — B? B? 
[e, + + e, (2 + B2) +e, (2 + 
Crywe= —B + +e, + +e, (2 + 


Crpwo=t + f,|%|]. 


The coefficients a, b,c... 
Mach number. 

At both test Mach numbers, the overall R.M.S. error, 
expressed as a percentage of the maximum value in the 
test range, is about 10 per cent for C,, C,, and C, and 14 
per cent for C, and C,. Approximately half this can be 
attributed to experimental scatter. The tail contribution 
to the R.MS. error in C, and C, is negligible. In the case 
of the moment coefficients, the error is shared about 
equally between the bwe term and the four D functions 
representing the tail contribution. 


itd, (+ 


are of course dependent on 
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TECHNICAL NOTES 


An Extension of Bennett’s Formula for the Profile-Drag Power of Helicopter Rotors 


H. WITTENBERG 
(Senior Lecturer, Department of Aeronautics, Technological University, Delft) 


N REF. | Bennett derived the well-known expression for small and moderate angles of attack the profile drag 
the power required to overcome the profile drag of the consists mainly of friction drag, which depends on the 
rotor blades for a helicopter in forward flight : resultant velocity over the blade instead of the normal 
= velocity component, the latter determining the pressure 
= po ~2? 0° R°xR2 652 forces only. 
The drag force dD, on the blade element in Fig. | 
The power given by (1) ic composed of two parts: the contributes to the torque with respect to the rotor axis 
contribution of the torque of the profile drag with respect a _ Or+V cos 
to the rotor axis and that of the drag of the rotor blades dQ,=dD, cos 8 .r=dD, V, “Fr. @ 
due to the forward motion (H-force). Now 
Several methods for performance calculation of heli- dD, =CaptpV dr 
copters require the two parts of the profile-drag power and 


separately, as they make use of the equation for the ” : = 
equilibrium of forces in the direction of flight, to which V.2=(Or+ V cos y)? + V? sin? P=0?r? + V? + 2VOr cosy. 


the rotor drag gives a contribution. In this note expres- For the rotor with B blades the power required by the 


sions for the two parts of the total profile-drag power are torque (2) of all blade elements is given by the integral: 
derived using the same method as indicated in the original 


work of Bennett. Numerical results are given. % 


R 
Or+V cos 
NOTATION dy Capt pV 7cOr dr 
number of rotor blades 0 0 
ec chord of rotor blade R 
BE 


0 


B 
22 


Cy, mean profile-drag coefficient 
dD, profile drag of blade element 
D, drag of rotor With u=V/OR this expression can be written as: 
I,, I,, 1, integral functions, derived in the text 
P, total profile-drag power, =P,+D,V 
P, profile-drag power, =Q,0 
torque of profile drag with respect to rotor axis 
radius of blade element 
radius of rotor 
flight speed 
resultant velocity of blade element 
air density 
blade solidity, = Bc/=R 
azimuth angle of blade 
tip-speed ratio, =V/OR 
angular velocity of rotor 
angles (Fig. 1) 


— 


2 po (OR). I, + Ga) 


Dr edo New, SD 


1. DERIVATION OF EQUATIONS 


Figure 1 shows the velocities and the drag force on 
an element of a rotor blade in forward flight. The flap- 
ping motion of the blades is neglected and the angle of 
incidence of the rotor disc is assumed to be small. 

The velocity V, is the resultant of the rotational 
‘velocity Qr and the flight speed V. The lift of the 
rotor element is calculated by using the component of 
the velocity V, normal to the blade-axis (swept-back 
wing approximation). For the calculation of the drag 
force, however, it can be argued that the velocity V, 
itself has to be used, as done by Bennett in Ref. 1. For 
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1.0 TABLE I 
I, VALUES OF AND I, 
| 1,=14+465e2 
1.4 0.8 B i, I, according to 
| Bennett 
0 1-000 0:000 1-000 1-N00 
1.3 y, 0.6 0-1 1-015 0-304 | 1-046 | 1-047 
0:2 1-059 0°625 | | 1-186 
A 0:3 1-131 0:976 1-424 | 1-419 
1.2 0.4 0-4 i227 1°368 1-774 1°744 
x 0:5 1-345 1308 | 2-249 2-163 
0°6 1-482 2304 | 2°864 2°674 
141 9.2 0-7 1-634 2-863 3638 3-279 
Pd 08 1-797 3-490 | 4589 | 3976 
1-970 4187 | 5-739 | 4-757 
0 1-0 2:149 4-960 7109 | 5-650 
.2 0.3 
0 0. 0.2 
FiGure 2. where 
2 ry r 
= | dy | cos ¥ | 
2 1/2 : 
ay] +p? +2p 7008 v| +. cos v)a 
This corresponds to Bennett’s original expression in Ref. 1. 
(4) 
2. NUMERICAL RESULTS 
The contribution of the component of dD, in the direction The values of J,, J, and J, were calculated with the ‘ 
of flight is given by: digital computer of the Institute of Applied Mathematics 
V+Orcos at the Technological University, Delft. The results are 
dD,=4dD, cos y=dD, — —— : (5) given in Table I, together with the values of J, as found 
r by Bennett. 
Integration of this expression along the blade gives for For the values of » used in practice the results are also a 
the rotor drag : shown in Fig. 2. 


Bennett used for the evaluation of the integral (7b) 
an approximate solution obtained by means of a series- 


+ (6a) expansion. For values up to »=0-3 Bennett’s solution 


with gives a quite satisfactory agreement with the more accurate 
Qn 1 numerical results given here. For larger values of p» the 

_ 2 OP og r 1 if r ) r difference between the two methods of calculation 
| ay v| pt ¥ increases. However, these values of are not used in 
o 0 practice and the main result of this note is therefore 


(6b) believed to be the construction of expressions for the two 


The total power required to overcome the profile drag distinct parts of which the profile drag power is compesed. 


is derived from (4a) and (6a): REFERENCE 
c 1. BENNETT, J. A. J. (1933). Zeit. Flugtechn. und Motorluftsch, 
See R2] 7 No. 17, 1933. English translation :—Rotary-Wing Aircraft. 
+ DV Aircraft Engineering, pp. 65-67, 79, March 1940. 


Deformation Equations for Non-Circular Cylinders 


D. S. HOUGHTON, M.Sc.(Eng.), A.F.R.Ae.S., A.M.I.Mech.E. 
and 


D. J. JOHNS, M.Sc.(Eng.), M.I1.A.S. 
(Department of Aircraft Design, College of Aeronautics) 


S FAR AS IS KNOWN, no explicit solution exists in the in comparison with the thickness of the shell, but they 

literature for the displacement equations in u, v and are general enough to include all shells of arbitrary curva- 
w, for a uniform cylinder of arbitrary cross section sub- ture. Unfortunately the generality of these equations 
jected to a lateral pressure loading. However, the advent inhibits their immediate use to cylindrical shell problems, 
of Ref. 1 now makes available an admirable treatise and it is the purpose of this note to present the essential 
devoted entirely to the analysis of thin elastic shells. The features of the theory for non-circular cylinders. 
equations developed in this reference apply only to linear 
problems, i.e. the displacements are assumed to be small NOTATION 


A, B, C arbitrary constants in expression for u, v, w 
Received 23rd July 1960. E Young’s modulus 
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R_ local radius of cylinder 
t thickness of cylinder 
T  force/unit width 
u, Vv, w displacement of a point in the median plane 
of shell 
x,y axial and circumferential co-ordinates 


(=x/R 

curvature 

AX exponential index in expression for u, v and w 
vy Poisson’s ratio 


7 twist 
o=y/R 
2 +2 ) 
4— 
oy? 


wv shear strain 


Novozhilov’s equation 8.2 becomes 
oT, oS 


Ox dy 
aT, as 20H] 
ay R dy * 
and (1) 
T, _ 20°H _ 0°*M, _ 
ox*  dxdy ay 


In addition, the force and moment resultants are given by 
equation 10.8 of Ref. 1 which become 


Et Et ) 
Er 
Et Er’ 
2(1+¥) and 12(i+») 


The strain-displacement and curvature-displacement 
relations can be deduced from equation 4.23 as, 


Ou ov .w _ dv Cu 
ane R ox’ 


Substitution of equations (3) and (2) into (1) gives the 
following three displacement equations in u, v and w, 


Ou i—vd%u itv dv Ow 
att 2 axdy* Rox” 
0?u 
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M bending moment/unit width a’ Qu, 1 dv _ are | Q- 
n number of circumferential waves ay®\R (> + 
p lateral pressure 
p= + . & 


3. JaeEGER, L. G. and Cuitver, A. H. (1960). Characteristic 


In equations (4) the radius of the shell is assumed to be 
a function of y, the circumferential co-ordinate, and thes 
equations are directly applicable to cylindrical shells of 
non-circular section. It must be remembered however, 
that these equations have been derived on the basis of 
small-deflection theory and that the order of the bending 
deflections in a pressurised, non-circular cylinder may be 
so large as to invalidate the theory. 

If R is assumed constant the above equations reduce 
to the special case of a circular cylinder, namely 


and 


(5c) 

Equations (5) differ slightly Sioa those presented by 

other authors and, for example, compared with Timo- 

shenko’s equations’), the only differences occur in the 
z terms in equation (54), which in Ref. 2 are, 


For problems concerned with the boundary loadings on 
circular cylinders when p=0, their solution is facilitated 
by the use of characteristic equa..ons which are formed 
from the three displacement equations in u, v and w. 

If the modal functions assumed are 


oo 
u= A,e cos ng, 
n=0 


v= B,e% sin ng, 6 
n=0 


oo 
and w= = C,e cos no. 
n=0 
The characteristic equation obtained from equations (5) 
becomes 


+6n? (n?—1)—2 (1—v?) n? 


-- 4n? (n?—1)?A? (n?—1)?=0. . 
A full comparison of equation (7) with corresponding 
results by other authors will not be attempted here but 
the reader is referred to Ref. 3 where many such results are 
presented and compared. 
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TECHNICAL NOTES—G. W. SUGGETT 
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Deck Landing Problems 


G. W. SUGGETT, A.F.R.Ae.S. 
(Naval Aircraft Department, Royal Aircraft Establishment, Bedford) 


READ Lt. Cdr. Whitehead’s article in the April JouRNAL 
(p. 183) with considerable interest. As a summary of 
current problems I found it most illuminating. In my 
opinion however the author has rather over-simplified the 
mirror calculations and I feel that it may be worthwhile 
recording in slightly greater detail the basis of mirror 
calculations and the magnitude of the errors implicit in 
them. 

In connection with mirror calculations hook-eye dis- 
tance is usually defined as the vertical separation between 
the hook line and the eye line. The difference between 
this definition and that given by Lt. Cdr. Whitehead is of 
small importance in practice but it simplifies the calcula- 
tion of touchdown point considerably. Using the notation 
of Lt. Cdr. Whitehead’s paper the formula for touchdown 
point now becomes 


D=L-—(h—x) cot z. 


Although this is much easier to handle, the results it 
gives are of the same accuracy as the original expression 
which can be up to 20 ft. too small for an on-centre land- 
ing on a typical carrier. For a landing off-centre away 
from the mirror in use both formulae give a finite touch- 
down point when, in theory under certain conditions (and 
in practice if the pilot could follow the mirror right down 
to the deck) the aircraft would flare out to some extent. 
The explanation of this is simple when one considers the 
deck and mirror geometry in greater detail in plan view. 
Both formulae give correct results for an aircraft flying 
straight at the mirror along its axis. An aircraft flying 
away from the mirror axis but parallel to it is flying along 
the boundary of a conic section and the distance of the 
touchdown point aft of the mirror is proportional to the 
cosine of the angle (9) between the mirror axis and a line 
joining the touchdown point to the mirror centre. The 
formula now becomes 


D=L—(h—x) cot a cos 


To illustrate this point further assume that the touch- 
down point given by the first formula was 50 ft. from 
the mirror. If the aircraft approaches on a path parallel 
to the mirror axis but, say, 70 ft. from it (about 15 ft. 
off centre on a typical carrier) then it will never be closer 
than 70 ft. to the mirror and the pilot’s eyes will never 
descend lower than the mirror beam height at this dis- 
tance (assuming for the moment that the mirror gave all 
round coverage and that the pilot followed the mirror 
faithfully). At this distance the hook is still clear of the 
deck and theoretically the aircraft will not touch down. 
In practice the coverage in azimuth is limited to 30° and 
the pilot will lose the meat ball at the side of the mirror 
at a point about 100 ft. from the mirror. 

In the foregoing it has been assumed that the mirror 


Received 26th August 1960. 


face is vertical. This is not always the case. Because the 
source lights are fixed, vertical movement of the mirror 
would alter the beam angle (a) and therefore the linkage 
has been designed to provide the mirror with sufficient 
rotation to preserve the beam at a given angle independent 
of the height setting. This means that, at the top height 
setting, the mirror normal is inclined slightly towards the 
deck. This brings the touchdown point farther forward 
and introduces a further source of error in the calculations. 
At the lower height settings the mirror is usually tilted 
upwards and this moves the touchdown point aft. On 
some installations it is possible for the angle of tilt to be 
as much as 1° but if it is this amount in one direction it 
is usually considerably less in the other. 

A typical target point could be 100 ft. from the mirror 
and 30° in azimuth from the mirror axis. For such a 
point the beam height error caused by mirror tilt of 1° 
would be 7 in. corresponding to an error of nearly 10 ft. 
in the calculation of actual touchdown point. As, how- 
ever, most mirror settings are within 4° of the vertical 
the errors arising from inclination of the mirror in prac- 
tice are rarely more than 5 ft. 

So far I have been concerned with the errors which 
arise in calculations associated with mirror settings. To 
keep these in proportion it would be as well to consider 
now the errors which arise from the use of the mirror in 
practice. The mirror beam has a vertical spread of +3° 
in addition to its own depth (4 ft.). This means that the 
beam is over 64 ft. deep vertically at a distance of 100 ft. 
from the mirror. Flying down the beam with the meat 
ball at the top (or bottom) of the mirror therefore intro- 
duces a variation in touchdown point of 63 ft. for a 3° 
approach and 46 ft. for a 4° approach. 

A further source of error in practice is ship pitch. 
Because the mirror beam is stabilised against the effects 
of pitch the inclination of the beam to the deck at a 
given instant varies with the degree of pitch. For 41° 
pitch a target point 100 ft, from the pitching axis will 
move +33 ft. for a 3° approach and +25 ft. for a 4° 
approach. 

As these variations are considerably greater than the 
error arising from the tilting of the mirror it is usual to 
neglect the latter. However the errors previously discussed 
are not negligible by comparison and are therefore taken 
into account in calibration calculations. 

It should be apparent from the above that the design 
and installation of the mirror sight possess inherent 
features which make accurate prediction of touchdown 
point an academic exercise. The mirror is a pilot’s aid 
to deck landing and should not be thought of as an instru- 
ment which will ensure accurate engagement of a particu- 
lar wire although it will ensure that an aircraft can be 
guided to land within a safe prescribed area. 


¢ 

= 
4 
+ 
be 
ese 
er, 
of 

ing a 
be 
ice 
5a) 
aq 
ic) 
by a 
ad 

5) 
) 
it 
e 
) 

‘ 

a 

A aa 


New Zealand Division Eleventh Annual Report} 


for the year ending 31st December 1959 


HE Divisional Council for 1959 was elected by postal 


ballot and the following were elected : — 


President: Mr. D. A. Patterson (Associate). 

Vice-President: 
(Assoc. Fellow). 

Mr. T. T. N. Coleridge 


(Assoc. Fellow). 


Hon. Secretary: 


Treasurer and 

Assistant Secretary: Mr. O. A. Kemp. 

Hon. Solicitors: 
Mr. Barry Hopkins. 

Hon. Auditor: Mr. M. G. Wing. 


Council Members 


Mr. B. Cornthwaite (Assoc, Fellow) (Wellington); Mr. 
W. H. Dunn (Assoc. Fellow) (Wellington); Mr. C. W. 
Labette (Assoc. Fellow) (Wellington); Sir Arthur Nevill 
(Fellow) (Wellington); Group Capt. W. G. Woodward 
(Assoc. Fellow) (Wellington); Mr. G. B. Bolt (Fellow) 


(Auckland); Mr. A. J. Smaill (Assoc. Fellow) (Christ- 
church); Mr. D. A. Patterson (Associate) (Wellington); Mr. 
J. H. Malcolm (Associate) (Auckland); Air Cdre. G. Carter 
(Assoc. Fellow) (Wellington); Mr. T. T. N. Coleridge 
(Assoc. Fellow) (Wellington); Mr. G. N. Roberts (Asso- 
ciate) (Auckland). 


MEMBERSHIP OF DIVISION 
As at 
January 1959 


As at 
January 1960 


Fellows 4 4 
Associate Fellows 40 43 
Associates 71 64 
Graduates 3 3 
Students 2 5 
Companions 3 3 

126 122 


OPENING OF WELLINGTON AIRPORT 


During the year the New Zealand Division sponsored 
the Air Display Committee which was responsible for 
organising a Flying Display in support of the Official 
Opening of the new Wellington Airport by His Excellency 
the Governor General. 

The Wellington Branch of the Division was more 
actively associated with the Display, many of the Branch 
Committee members assuming responsibility for various 
sub-committees of the Air Display Committee. 

It was unfortunate that turbulent weather and low 
cloud forced a postponement of the programme to the 
second day but the Flying Display itself was of an excep- 
tionally high calibre. Aircraft from the Royal Air Force, 
the United States Air Force, the Royal Australian Air 
Force and the Royal New Zealand Air Force supported 
local civil aircraft in what has been acclaimed as the 
greatest Flying Display ever staged in the Dominion. The 
Display was watched by a crowd estimated at over 100,000 
many of whom crowded the surrounding hills. The 
Divisional President, Mr. D. A. Patterson was Chairman 
of the Flying Display Committee. 

The proceeds of the Display amounting to over £4,000 
are to be given to N.Z. Aeronautical Trusts Ltd. to be 
applied towards the Walsh Memorial Scholarship Funds. 


Group Captain W. G. Woodward 


Mr. G. A. Wylie, Wellington and 
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LECTURE THEATRE, LONDON 


During the year the Division and all Division member 
were informed of the proposal to build at 4 Hamilton 
Place a new Lecture Theatre and contributions were ip. 
vited towards this. The New Zealand Divisional Coungi 
decided to make a contribution of £250 towards this objec, 

The actual building of the new Theatre was begun jp 
October and latest advice reports that good progress js 
being made. In order to incorporate some link between 
the Society and this Division, plaques carrying the appro. 
priate coat-of-arms and the date of foundation of each 
town where there is a Branch or Division, are to be set 
on the frieze of the Theatre. Negotiations to obtain 
authority for the use of these coats-of-arms have now been 
completed and accordingly there will be in the new Lecture 
Theatre the following : — 


Coats-of-arms of the Government of New Zealand 
(N.Z. Division); of the City of Auckland (Auckland 
Branch); of the City of Palmerston North (Palmerston 
North Branch); of the City of Wellington (Wellington 
Branch); of the City of Christchurch (Canterbury Branch), 


AERIAL AGRICULTURE 


As reported in the last year’s Annual Report the New 
Zealand Division was asked to supply a technical paper 
on the subject of aerial agricultural operations in New 
Zealand. This paper was prepared at our reauest by Mr. 
R. H. Scott, Land Utilisation Officer of the Department 
of Agriculture and duly presented on his behalf by Mr. 
C. V. Dayus at a meeting of the Society in London on 
the Sth May 1959. Mr. C. V. Dayus is Agricultural Officer 
attached to the High Commissioner’s office. 

This paper, which included an Appendix prepared by 
N.Z. Civil Aviation Administration on the aircraft in 
use, was published in the September 1959 JouRNAL. 
Mr. Scott has also since delivered it at most of the N.Z. 
Branches. 


VISIT OF SIR ROY FEDDEN 


In February the Wellington Branch had a most stimula- 
ting address prepared by Sir Roy Fedden, a distinguished 
Past President of the Society. It was bad luck that due 
to indisposition Sir Roy was unable to preser.t the paper 
personally. Mr. Cornthwaite read it on his behalf to a 
very interested meeting both of members and guests from 
other Technical Societies. 


COUNCIL OF THE SOCIETY 


Under a recent amendment of the By-Laws of the 
Royal Aeronautical Society, the President of each of the 
Divisions is an ex-officio member of the Council of the 
Society. Normally it will not be possible for the President 
of the Division to attend Council Meetings but he will 
receive Agenda and Minutes and so will be kept informed 
of the business of the Council. This is a very great 


honour and is a further indication of the policy of the 


Society to strengthen the link of Divisions with the Parent 
Body and all members of the New Zealand Division will 
be very appreciative of this recognition. 
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WIGRAM MEMORIAL AWARD 

The sub-Committee set up to study papers for the 
Wigram Memorial Award has given careful consideration 
to all papers submitted and has decided that no paper pre- 
sented in the past year fully qualifies under the terms of 
the award. It is a matter of disappointment to the Council 
that so little endeavour is made to achieve the distinction 
of the Wigram Memorial Award and Branches are urged 
to encourage members to present papers which will qualify 
for consideration. 


TECHNOLOGICAL MUSEUM 

Collection of material for a Technological Museum 
is continuing and quite a good collection is being acquired. 
Negotiations for the use of the old pumping station 
for The Museum are continuing and progress, although 
slow, is being made. 


FIRST POWERED FLIGHT—NEW ZEALAND 

During the year evidence came to light suggesting that 
a power aeroplane made a controlled flight in South 
Canterbury several months before the first powered flight 
of the Wright Brothers in 1903. Enquiries are being made 
to unearth as much factual evidence as possible but 
naturally evidence is difficult to find from a comparatively 
remote area in those early days. 

The Division is conscious of the importance of ascer- 
taining the true facts in a case such as this. 


RECOGNITION OF ASSOCIATE FELLOWSHIP 

During the year the Divisional Council endeavoured to 
obtain recognition in this country outside purely aero- 
nautical circles for the professional status of Associate 
Fellowship of the Society. 

It must be expected that this will be a slow process 
and in the course of collecting evidence to attain this 
objective, discussions have been held and approaches made 
to the New Zealand Public Services Commission, the 
Department of Education, the Headquarters of the Society 
itself and the Society’s Divisions in Australia and South 
Africa. 

One of the most valuable pieces of information received 
is from the Burnham Committee in the United Kingdom 
that the qualification of Associate Fellowship obtained by 
examination and with minor stipulations as regards the 
subjects taken, is now accepted as equivalent to a 
University degree in the teaching profession. 

Since the Burnham Committee is well known in this 
country this very important recognition will be most help- 
ful here, but more general progress must depend upon 
evidence of acceptance by the major engineering institu- 
tions and it is inevitable that progress in this will be 
largely governed by the rate of progress in the United 
Kingdom. The Divisional Council is very much aware of 
the importance of this matter and is determined to main- 
tain its efforts to obtain proper recognition. 


BRANCH ACTIVITIES 
Auckland 

The Branch, acting on behalf of the Walsh Brothers 
Memerial Trust, sponsored a commemorative flight re- 
enacting the first official air mail flown in New Zealand, 
between Auckland /Dargaville/ Auckland. Mr. G. B. Bolt, 
Fellow and member of the Divisional Council and the pilot 
of the original flight on 16th December 1919 was a 
passenger. 

Nine meetings were held during the year by the Branch 
and the average attendance was 28. In addition a film 
evening open to the public was held. The Branch 
membership now stands at 149. 


Wellington Branch 

A total of 10 meetings was held during the year, in- 
cluding a joint one with the N.Z. Institution of Engineers. 
Furthermore, the N.Z. Institution of Engineers also 
officially invited Branch Members to a paper on “ Radar 
for Civil Aviation” by J. A. Court. The average atten- 
dance at all meetings was 43. 

The activities of the Branch included a Boys’ Evening 
which was a very successful attempt to introduce aeronau- 
tics to the younger generation. 

The Branch was actively associated with the official 
opening of the new Wellington Airport. Of the present 
Branch membership of 178, 29 members personally took 
part in the organisation as officers or members of the 
various working committees. 


Palmerston North 

This Branch after having been in recess for some years 
has started again in a modest way. 

With a Branch membership of 30, two meetings includ- 
ing the Annual General Meeting and a visit to the aircraft 
carrier H.M.A.S. ‘“ Melbourne” were organised. The 
average attendance over all these was 20 which was excep- 
tionally good for a membership of only 30. 


Canterbury 

Branch membership now stands at 95. Owing to diffi- 
culty in obtaining speakers, activities have been rather 
less this year but seven meetings, including film evenings, 
were held. 


PAPERS AND MEETINGS 

The following lectures were given during the year, some 
at more than one Branch. There were also several film 
evenings and visits : — 

Airport Development in the U.S.A. by D. A. Patter- 
son, M.B.E., A.R.Ae.S., Assistant to Gen. Manager, N.A.C. 

Aviation Film Evening. Open to the public. 

Lockheed Electra Operating Techniques by J. Stone, 
Lockheed Aircraft Corp. 

The Antarctic and the I.G.Y. by Dr. R. G. Simmers, 
Assistant Director of N.Z. Meteorological Service. 

Some Implications of an International Airport by 
W/Cdr. L. H. Parry, A.F.C., J.P., F.R.Met.Soc. 

Pioneer Trans-Atlantic Flight by J. L. Langabeer, 
N.Z. Airmail Society. 

Aerial Mapping by P. van Asch, M.B.E., Managing 
Director, N.Z. Aerial Mapping Ltd. 

The Place of the Light Aeroplane in the Jet Age by 
F/Lt. R. Shand, D.F.C., Chief Instructor, Auckland Aero. 
Club. 

The Construction of the Vickers Viscount by A. C. 
Beazer, A.R.Ae.S., N.Z.N.A.C. 

Viscount Operations in New Zealand by Capt. A. D. 
Carlaw, N.Z.N.A.C. 

How Important is Aeronautics to New Zealand? by Sir 
Roy Fedden. 

Weapon Delivery Systems by Sqn. Ldr. R. M. Allan. 

Instrument Approach and Landing Systems for Air- 
craft by R. C. Davidson. 

Viscount Operation and Maintenance by Captain G. 
Harvey, D.F.C. 

Fundamentals of Power Production by T. R. Polard, 
Director of I.D.D. 

Living with a Problem by A. I. R. Jamieson, Manager 
of Christchurch Airport. 

Aircraft in Agriculture by R. H. Scott, Land Utilisation 
Officer, Department of Agriculture. 

Lecture by F. W. Fahy, Lecturer in Metallurgy, 
University of Canterbury. 
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STATEMENT OF RECEIPTS AND PAYMENTS FOR THE YEAR ENDED 


31ST DECEMBER 1959 


Receipts 
Subscriptions, Entrance and 
Transfer Fees .. es .. 466 12 0 
Sale of Technical Data .. ; 26 0 
Interest on Current Account .. 518 3 
Post Office Savings Bank Interest 16 5 2 
Total Receipts 491 1 5 
Payments 
Stationery .. 3 2 0 
Postages, Telegrams, Cables .. 1915 9 
Bank Charges and Exchange .. _ 18 6 
Whites Aviation Directory a 11 0 
Donation, Aviation Historical 
Grant, N.Z. Aeronautical Trusts 
Transfer of 1958 Subscriptions to 
Royal Aeronautical Society, 
Branch Subscriptions (1959) For 
Division Members: 
Auckland Branch .. 0 © 
Wellington Branch .. . 060 
Canterbury Branch .. 
Total Payments 531 19 O 
Excess of Payments Over Receipts £40 17 7 


The payment of £250 for the Lecture Theatre 
Appeal is due for transfer to the Royal 
Aeronautical Society, London, early in 1960. 


a 


ToTaL Funps at Ist January 1959 780 14 0 
Deduct Excess of Payments Over 


Receipts .. a 7 
ToTAL FunpDs at 31st December 

1959 £739 16 5 
ToTaL FUNDS COMPRISED: 
Petty Cash .. 411 4 
National Bank of New Zealand 

Ltd. .. 176 11 6 
Post Office Savings Bank «« come 7 

£739 16 5 


At 3lst December 1959 the sum of £233 4s. 6d. (N.Z.) 


_ was due for transfer to the Royal Aeronautical Society, 


London, on account of subscriptions and fees received 
during 1959. 
O. A. Kemp, A.R.A.N.Z., A.C.A.I. 
Hon. Treasurer. 


I have audited the accounts of the Royal Aeronautical 
Society, New Zealand Division, and the above is a true 
and correct record of receipts and payments for the year 
ended 31st December 1959. 
M. G. Wing, B.Com., A.R.A.N.Z. 
Hon. Auditor. 


— 


Divisional Council 1960 
The following are the officers and Council for 1960;— 
President: D. A. Patterson (Associate). 
Vice President: Group Capt. W. G. Woodward 

(Assoc. Fellow). 

Secretary : T. T. N. Coleridge (Assoc. Fellow), 
Asst. Secretary: O. A. Kemp. 
Hon. Auditor: M. G. Wing. 


COUNCIL MEMBERS 

Sqn. Ldr. R. M. Allan (Assoc. Fellow); G. B. Bol 
(Fellow); T. T. N. Coleridge (Assoc. Fellow); B. Corn. 
thwaite (Assoc, Fellow); W. H. Dunn (Assoc. Fellow); 
C. W. Labette (Assoc. Feliow); J. H. Malcolm (Associate). 
Air Vice Marshal Sir Arthur Nevill (Fellow); D. A. Pat. 
terson (Associate); G. N. Roberts (Associate); A. J. Smaill 
(Assoc. Fellow); Grp. Capt. W. Woodward (Assoc. Fellow), 


COMMEMORATIVE DINNER—1960 

One of the events of 1960 was the dinner organised by 
the Auckland Branch of the Division to commemorate 
25 years of commercial aviation in New Zealand. Mr, 
D. A. Patterson, President of the Division, presided at the 
dinner which was attended by about 150 members of the 
Division and guests, many of whom had been connected 
with aviation for some 40 years. 

Before the dinner the Mayor and Council of the City of 
Auckland held a reception in the City Council Chambers. 


The following Toasts were proposed at the Dinner:— 


THE PIONEERS IN AVIATION DEVELOPMENT. 

Proposed: Mr. Bruce R. Rae, M.B.E., Air Secretary, 
N.Z. Government Aviation Department. 

Reply: Mr. George A. Nicholls, original Director, East 
Coast Airways Ltd. 

THE FUTURE OF COMMERCIAL AVIATION. 

Proposed: Sir Leonard Isitt, K.B.E., Chairman of 
N.A.C. and T.E.A.L. 

Reply: Mr. G. N. Roberts, C.B.E., A.F.C., A.R.AeS., 
Director, T.E.A.L, Past-President N.Z. Division. 

ABSENT FRIENDS AND ASSOCIATES. 

Proposed: Mr. F. Maurice Ciarke, original General 
Manager of Union Airways of N.Z. Lid. 


The major events in commercial aviation in New 
Zealand during the past 25 years which the dinner 
commemorated were : 


1934 December—Air Travel (N.Z.) Ltd., inaugurated South 
Westland Services. Pilot: J. C. (Bert) Mercer. ; 

1935 15th April—East Coast Airways Ltd., inaugurated Gis- 
borne-Napier Service. D.H.84 Dragons. First commer- 
cial airline with twin-engined aircraft. 

1935 15th May—Australia-New Zealand. Kingsford-Smith 
“Southern Cross” Jubilee Air Mail flight—not completed. 

1935 30th December—Cook Strait Airways Ltd., inaugurated 
Nelson-Blenheim-Wellington Service with D.H.89 Rapides. 

1936 16th January—Union Airways of N.Z. Ltd., inaugurated 
first trunk air route with D.H.86 air liners: Palmerston 
North-Christchurch-Dunedin. Pilots, first flight, south- 
bound: Sqdn. Ldr. M. C. McGregor (Service Manager), 
Ist Officer K. A. Brownjohn (co-pilot). Northbound: 
pte B. A. Blythe (Chief Pilot), F.O. C. M. Duthie (co- 
pilot). 

1937 30th March—Pacific commercial air route pioneered by 
Pan American World Airways (Sikorsky), under com- 
mand of Captain Edwin Musick. 

1937 June—Union Airways of N.Z. Ltd., inauguration of Auck- 
land-Wellington express air service with Lockheed (12A) 
Electras. 

1937 December—Imperial Airways flying boat Centaurus 
arrived at Auckland as preliminary to establishment of 4 
Tasman air service. Time. Sydney-Auckland, 94 hours. 
Under command of Captain J. W. Burgess. p 

1940 30th April—Tasman Empire Airways Ltd., inauguration 
of Auckland-Sydney service. Flying boat Aotearoa under 
command of Captain J. W. Burgess. 
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BRANCHES 


From small beginnings twenty-three years ago the 
Weybridge Branch is now the largest in the world, with 
some 900 members. Numerous factors have been 
responsible, among them the unretarded growth of 
aviation in this corner of Surrey together with hard work 
and sustained enthusiasm by successive Branch Com- 
mittees. (An unrecognised factor is that Bristol is second 
largest, but Bristol did not even begin to worry about 
this for eight years previous to 1937. . .) 

The programme for the first session (1937/38), under 
the late Mr. R. K. Pierson, Vickers-Armstrongs’ Chief 
Designer (Aerodynamics), comprised twelve lectures, 
held at fortnightly intervals. The first entitled “Bird 
Flight in its Relationship to the Aeroplane” was given 
by Capt. Laurence Pritchard (who, as these histories 
prove, must claim to be a Founder Member of almost 
every Branch there is). A possible taste of the future was 
Dr. Roxbee Cox’s lecture “Large Aeroplanes,” also 
delivered in the first session. Membership at this time 
was drawn almost entirely from employees of the 
Vickers-Armstrongs Aircraft Company. The 1938/39 
session saw Dr. B. N. Wallis, then Vickers Chief 
Designer (Structures) and now Head of the Company’s 
R. and D. Department, as President. 

The outbreak of war in 1939 curtailed local Royal 
Aeronautical Society activities until March 1946 when a 
general meeting was called. Under the Presidency of the 
late Mr. R. K. Pierson and the Chairmanship of Mr. 
G. R. Edwards, as he then was, a new beginning was 
made. At the end of the 1946/47 session, the member- 
ship stood at 92 and the reading of Junior Members 
Papers had been instituted. 

The year 1947 saw the introduction of the Annual 
Dance, held in December, now the regular social high- 
light of the Branch year. Another regular programme 
item, a “Films Evening,” was also started in 1947. 

In 1949, with 210 names on the book, a strong and 
sustained drive for new membership was made. A 
system of distributing members was instituted, with 
volunteer branch members acting as canvassers and 
branch liaison contacts throughout the offices and shops 
at Weybridge. The system carries on today with 47 
distributing members keeping in touch with some 500 
non parent society members (of whom over half work 
on the production side of the aircraft business) and a 
further 380 who are members of the parent society. The 
Branch strength currently includes 80 members who are 
not employees of Vickers-Armstrongs. 

The year 1949 also saw the introduction of a large 
scale summer visits programme; a notable highlight was 
a 246 strong visit to Saunders-Roe to inspect the 
Princess flying boats. Many scores of notable visits have 
taken place since then, including a party of 120, in 1953, 
to the College of Aeronautics, Cranfield. The Branch 
now offers some 300 visit-places each year. (This is a new 
Statistical measure: the origin is Weybridge, and was 
obviously thought up by one dealing with Viscount 
Passenger-miles. Branches should now assess their 
lecture-listener-hours). The “Battle of Britain Day” 
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Weybridge, formed in 1937, has the distinction of being 
the largest Branch and was also the first to have a “named” 


Memorial lecture. 


visit to Biggin Hill has become an annual event due to its 
consistent popularity, and has the family connection-that- 
was of the Vickers (Supermarine) Spitfire. 

Following the suggestion of Branch Committee 
member, Mr. D. J. Lambert, the Branch founded the 
annual R. K. Pierson memorial lecture, the first Royal 
Aeronautical Society Branch “named” lecture, in 1952. 
In this first lecture of a now memorable series, Sir Roy 
Fedden, close friend and business associate of ““R.K.P.”’, 
chose as his title “Rex Pierson—an Appreciation, and 
the Lessons of his Work.” 

Sir Roy, in paying tribute, said that it was unusual 
for a man to reach such eminence while remaining in the 
service of one Company throughout his whole working 
career. R. K. Pierson served the Vickers Company for 
just over 40 years with outstanding success and un- 
stinting loyalty. He played an outstanding part in the 
building up of the Vickers Aircraft Organisation; in 
fact, for many years he was, technically, Vickers 
Aviation, and from being the first Branch President, . 
also played a leading part in the R.Ae.S. 

In such a precis, even the highlights of the lecture 
programme must go largely unrecorded. Branch 
activities have aimed to provide a window on the world 
of aviation during the time that the Vickers-Armstrongs 
Company has been expanding rapidly in the medium and 
large size turbine aircraft field. Branch membership has 
risen, in line with this expansion, from 210 in 1949 to 880 
in 1959. 

The Branch has been fortunate in securing continuity 
of direction in its post-war expansion, under the 
Presidency of Sir George Edwards and the Chairmanship 
of Mr. H. H. Gardner. Five honorary secretaries have 
served the Branch since its inception, Mr. M. W. Wood, 
Mr. D. L. Ellis, Mr. C. W. Hayes, Mr. J. H. Sinclair and 
the present Secretary Mr. E. G. Barber. Mr. Sinclair, 
Secretary from 1948-55 continues as a Committee 
member. 

Meetings, since 1956, have been held in the hall of the 
modern Apprentice School (seats 250) at Weybridge. 
Attendances now average 100-120 per meeting, and 
overall improvement in lecture attendances is a current 
Branch aim. 

Aviation Journalism 

I read with interest of the lecture given to the 
Brough Branch on “Forty Years of Aviation Journ- 
alism ” by Major Oliver Stewart, and must pass on this 


quote. “It was — August, 1945, and Hiroshima. 
errr got through to the “ Manchester Guardian,” 
. CECE to dictate half a book. They replied 


What’s that, old man? An atom bomb? Well, the 
paper’s very tight tonight—try to get it into 150 words.” 
While the Branches Page is not yet a daily, nor yet 
a Branch of an atom bomb, even 150 words of Branch 
news would be very welcome. May I leave this as a 
New Year Resolution with Secretaries?—and to them 
and all Branches the compliments of the Season. 
—G.W-W. 


Branches Conference 
The Autumn Branches Conference, rather late for 
Autumn, but it has been postponed so that it may be held 
in the new Lecture Theatre, will take place on Saturday 
10th December 1960. 
Following the new order which seems popular, the 
Conference meeting will start at 9.30 a.m. and will finish 
at lunch time. 
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A Day at the R.A.E. Farnborough as 

Nature smiled upon the party of Section members who visit- 
ed the Royal Aircraft Establishment at Farnborough on 12th 
October, and enhanced an interesting and informative day. 

We were welcomed by Mr. Sigrist, who further attended 
us during our tour of the various departments, and then Mr. 
R. G. Thorne spoke to us on the objects of the Establishment 
and the manner in which work is initiated and carried out 
there, with particular reference to the Aerodynamics Depart- 
ment. He also gave us the benefit of some of his knowledge 
regarding the design of a supersonic air liner. 

The transonic tunnel, operating between Mach numbers of 
0-8 and 1-25, was our next port of call and there we were able 
to witness the testing of an advanced project on the closed 
circuit television screens in the control room. All results are 
digitised and stored for future reference although immediate 
records of all relevant parameters are available. The working 
section employs suction and can accommodate models up to 
5 ft. in span. The rest of the morning was spent viewing the 
6 in. diameter shock tube, which has a strength capacity of 
1,000 atmospheres, but not yet the pumping capacity to reach 
‘this level, and the high speed tunnel, which has a maximum 
Mach number capability of 9 working from a storage pressure 
of 3,000 Ib./in.2. 

During the afternoon we saw an excellent film entitled 
“Project Aeronautics” which described the work of the 
various Establishments and their departments and were then 
shown the 24 ft. diameter open section tunnel used for engine 
nacelle and helicopter tests. In the Static Strength Test 
Laboratory we were rewarded with views of two of Britain’s 
latest and most advanced vehicles. Finally, we visited the 
Guided Weapons Department and were given a thorough 
picture of the use of the Skylark high-altitude research rocket 
and then shown TRIDAC (Three Dimensional Analogue 
Computer) which was set up to investigate miss distances of a 
ground-to-air missile. 

Quite apart from the extensive range of equipment and 
hardware which was shown and explained in some detail, 
the visit was most satisfactorily arranged and conducted and 
we would tender our thanks to all those responsible and, in 
particular, Mr. Sigrist. Incidentally, it was stated by Mr. 
Sigrist that he would be only too pleased to welcome other 
members who were unable to attend this visit, if they will 
make their interest known. 


Letter from America—Part II 
(By the Director of Student Activities of the Institute of the 
Aerospace Sciences) 

Branch Secretaries are requested to, and with an occasional 
polite prod from I.A.S. headquarters generally do, write a 
brief report of all meetings for publication in the /.A.S. 
Student News, a magazine prepared by the Staff and dis- 
tributed to all Branches during the School year (October - 
May). Besides regular reports from Branches, editorial 
contents also include regular articles by leading men in 
industry and education, and frequent coverage of national 
meetings held by the I.A.S. 

The most important Student Programme which the 
Institute has been able to develop and expand as a result of 
the Martin Fund, is the Student Conference, seven of which 
are held each year (usually in April or May). To ensure that 
each Branch has access to at least one Conference, they are 
situated in widely separated areas of the country. Eath of 
these conferences succeeds in bringing together students, 
Faculty, senior Section members and representatives of 
industry in a professional atmosphere. The conferences are 
organised partly by the Student Branches (most appoint a 
host Branch each year on a rota basis) and partly by I.A.S. 
Sections within respective regions—giving both a goal on 
which to focus their professional energies. A Conference may 
last from one to three days, depending on the number of 
Branches on which the region can draw and the time which 
local Section members have available. The technical sessions 
form the focal point of the Conferences where students can 
present papers which they have prepared themselves. They 
offer an invaluable opportunity for students to assemble 


Graduates’ and Students’ Section 


ideas and data systematically, to achieve a high degree of 
clarity and conciseness, and to polish up their techniques of 
delivery. Papers are judged by panels usually appointed from 
local industry, and graduate and undergraduate prizes ap 
awarded at the semi-formal dinners which conclude each 
Conference. The Martin Fund underwrites prize money an( 
travel expenses but contributions from local industry go , 
long way towards paying for additional expenses such as 
meals and hotel accommodation. 

Each year students who receive first place awards at the 
Conferences have their papers published by the Institute. 
The Minta Martin First Award Student Papers were a natural 
outgrowth of the expanded Conference programme. Copies 
are sent to, among others, Corporate Members of the 
Institute and university libraries throughout the country. 

Another facet of the student Conference programme are 
National Award Winners, selected each year from the Fir 
Award Papers by a Panel of Institute Fellows. Winners, along 
with their Branch Faculty Advisors, receive commemorative 
plaques which are presented each January at the Institute's 
Annual Meeting. The Institute also sponsors annually two 
Branch Awards: the Lecture Award, given for preparing and 
presenting the best paper at a regular meeting of the Branch 
during the previous school year, and the Scholastic Award 
given for attaining the best scholastic record in engineering, 

Branch meetings, Student Conferences, National and 
Branch Awards—these, then, are the basis of the Student 
Programme. Additional services offered at the national level 
can be summarised briefly: a small but comprehensive 
technical film library, tape recordings of particularly 
outstanding speakers and symposiums heard at various 
national meetings, and access, by both personal visit and 
mail, to the Institute’s libraries in New York and Los Angeles, 

From the standpoint of a unified, cohesive programme, 
what exactly has been accomplished at the conclusion of each 
school year? 

To begin with, eighty Branches have operated for nine 
months, quite an achievement in itself, and a majority of the 
membership have attended one or more Branch meetings. 

They have been a close part of a particular Branch. 
Through contact with local I.A.S. Sections, participation in 
Student Conferences, Branch and National Conference 
Awards, the Institute’s publications, they have become aware 
that their Branch is affiliated with 79 others and through 
them, with a national organisation. 

In all this, Student Members have, consciously or un- 
consciously, taken the ideas expressed in the code set down 
in Part I of this letter and made those ideas come alive and 
work in ways that they are prepared to accept at this stage of 
their lives. 

And that is precisely what we hope they will do— 
ANTHONY W. HARRIS. 


December Lecture 

The second lecture of the Session will be given by Charles 
Abell, at 7.30 p.m. on Wednesday 14th December on 
“B.O.A.C. and the Future.’ Coffee will be served at 7.0 p.m. 


It's from the prisoners, Sir. 
They want to hear a lecture 
on man-powered flight! 
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upper atmosphere. 


THE LIBRARY 


Reviews 


THE UPPER ATMOSPHERE. H. S. W. Massey and R. L. F. 
Boyd. Hutchinson, London, 1960. 2nd Revised Impression. 
333 pp. Illustrated 63s. 

The scientific study of the upper atmosphere by indirect 
means began many years ago—in 1880 Balfour Stewart 
was invoking atmospheric ring currents to explain observa- 
tions of the earth’s magnetism and Kelvin was writing on 
the resonance theory of atmospheric tides. The broad 
structure of the temperature and wind fields began to 
emerge in the early 1920s from studies of meteors and of 
the travel of sound waves from explosions. Systematic 
study of the ionosphere and of the light of aurorae and 
the night sky followed, and attracted the attention of the 
atomic physicists of the day who found in the upper atmos- 
phere a vacuum much more tenuous than any they could 
achieve in the laboratory. The direct observation of the 
upper atmosphere was made possible by the development 
of ballistic rockets during the Second World War. This 
book was written at the end of the first decade of scientific 
eploitation of high-performance rockets; it has a “stop- 
press” reference to the first artificial earth satellites, but 
was a little too early to include the first global-scale experi- 
ment, when a rocket-borne nuclear explosion was used to 
inject charges into the upper atmosphere and an artificial 
satellite to investigate their subsequent movements. 


The authors of this book are well known as pioneers of, 
and enthusiasts for, the new methods of exploration of the 
It is clear that they enjoyed writing 
the book, but it is a little difficult to see just what class of 
reader they had in mind. They claim to assume “ no more 
than an elementary knowledge of physics or mathematics,” 
but before he has reached page 10 the reader has been 
invited to consider the gyro-frequency of ions in the earth’s 
magnetic field and the suppression of the Hall current by 
polarisation of the medium. Clearly, unless he has rather 
more than elementary mathematics and much more than 
elementary physics he will have to work hard, but if he is 
prepared to do this he will find the book an excellent guide, 
and may come to appreciate that the authors’ skill as 
teachers does not lag behind their achievement as scholars. 
The trained scientist and engineer working in other fields 
will find the going easier, and most users of the book may 
come from this group. They will find it a particularly 
well-balanced introduction to the subject, with something 
to say on all the important methods that have been used 
and, in broad detail, all the problems yet investigated, and 
if they wish to enquire more deeply into any aspect they 
will find their next step clearly indicated. The authors 
themselves do not hesitate to discuss, in the final chapter, 
their own views on the next step. While they do not hide 
the value of continued earth-bound observation, they are 
clearly convinced that rocket- and satellite-borne observa- 
tion and experiment must be available to any community 
wishing to increase its scientific knowledge of the earth and 
its environment. 

Without careful comparison it is not easy to see how 
much revision has accompanied production of the second 
impression. There has been no systematic attempt to cover 
the advances of the two years which have elapsed since 
the first printing—this would have been a heavy task—but 
the present volume certainly appears singularly free from 
errors of all kinds. The 333 pages are well filled with text 
and the plates on the whole well chosen.—c. D. ROBINSON. 
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ROCKET PROPULSION. Marcel Barrére, André Jaumotte, 
B. F. de Veubeke and Jean Vandenkerckhove. Elsevier Pub- 
lishing Co. (Van Nostrand, London), 1960. 829 pp. Illustrated. 
£6 15s. Od. 

This is a translation and expanded version of a work 
originally published in 1956 in French (reviewed in the 
July 1958 JouRNAL, p. 533), and which was based on a 
series of lectures on rocket propulsion at Brussels Univer- 
sity; of the authors, Jaumotte and Vandenkerckhove teach 
at that institution, de Veubeke at the Universities of Liége 
and Louvain, while Barrére is Head of the Research 
Division at O.N.E.R.A. The English edition has been 
considerably enlarged and brought right up to date, and 
the four authors (as Dr. von Karman observes) are to be 
congratulated on the well-integrated results of their 
collaboration. 

They have made the fullest use of the modern litera- 
ture on their subject, including periodicals; special 
acknowledgment is made to the publications of the 
American Rocket Society, and to internal reports of 
O.N.E.R.A. and other European establishments. Vanden- 
kerckhove also mentions his education in rocketry at 
Caltech. These observations are relevant to the comment 
that it is gratifying to find such an excellent book on 
rocket propulsion with European authorship; its appear- 
ance confirms the potential effort which is probably avail- 
able on this side of the Atlantic, but stiil West of the 
Iron Curtain, if only it could be supported with adequate 
funds. The point is made in no spirit of disparagement to 
our friends on the Continent; quite to the contrary—but 
it is idle to pretend that much practical work of any 
significance has been done in Europe since the war, in 
this field of rocketry. There has been little enough in the 
United Kingdom, and even less across the Channel. 

However, an examination of the present volume would 
not suggest this. It covers both solid and liquid engines, 
thermodynamics and propellant reactions, mechanical and 
structural design considerations, testing techniques, and 
the elements of trajectory theory. Such matters as relia- 
bility and various forms of combustion instability are 
discussed. Each chapter concludes with a good bibli- 
ography. 

Since Rocket Propulsion is only the second book to 
appear in English in its class, it will inevitably be com- 
pared with the latest edition of Sutton. Indeed, the two 
books are very comparable in scope and treatment. The 
European one is rather more comprehensive, and goes 
rather deeper into fundamentals; the translation is excel- 
lent, though perhaps still responsible for a few statements 
like that on p. 466: “... . the length of the cylindrical 
part of the combustion chamber decreases as the thrust 
of the motor increases.” (In the original, did it say 
“relative to the throat diameter”?) On the other hand, 
the American work is much cheaper, and some readers 
may prefer to rely on an author who has personally been 
associated with some of the largest and most advanced 
post-war rocket engine projects. 

However, the fairest conclusion would be that Barrére 
et al should take their place alongside Sutton, and a few 
other more specialised works than either of these, on 
the library shelf of any rocket engineer. Or at least, 
remembering the price of £6 15s. Od—of any rocket 
engineering department.—a. V. CLEAVER. 
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ARTIFICIAL EARTH SATELLITES. L. V. Kurnosova 
(Editor). Volumes 1 and 2. Translated from Russian. Plenum 
Press Inc., New York, 1960. 107 pp. Illustrated. $9.50. 

This book follows the now familiar pattern of many 
other works on astronautics and contains a largely un- 
related collection of papers. Containing 22 papers, the 
work of over 40 contributors, it provides a useful record 
of the results obtained from the instruments carried in 
the first three Soviet satellites. Volume 1 deals with the in- 
vestigations carried out using Sputniks | and 2; Vol. 2 gives 
the data obtained with Sputnik 3 and individual rockets. 

Sputnik 1 was launched in October 1957 and stayed 
aloft for three months. The second Soviet satellite was 
launched one month later and stayed up for five months. 
Much of the data obtained has since been confirmed by 
Western scientists, but a most useful collection of graphs 
and tables appears in the book which is well worth reading. 
Geophysics is dealt with, almost exclusively, and there is 
little reference made to the launching vehicles. A com- 
plete account of the flight by the dog Laika in Sputnik 2 
is given, together with the details of the animal’s cabin, 
its equipment and instrumentation. 

Among the many measurements which were made 
using the satellites was that of cosmic ray intensity, and 
the factors which determine its variation as a function of 
altitude are deduced. 

Values of the density of the upper atmosphere were 
obtained in an interesting way by measuring the decelera- 
tion of Sputnik 1 as it re-entered the atmosphere, and the 
results are presented with a table of values of calculated 
atmospheric density extending to an altitude of 368 kilo- 
meters. The dynamic effects of motion of a satellite about 
its centre of mass are the subject of a paper by Professor 
L. I. Sedov, the President of the International Astro- 
nautical Federation. Doppler Effect on radio transmissions 
from the satellites was put to many uses by the Soviet 
scientists, and papers are given on its application for the 
determination of orbit parameters; the time of closest 
approach, velocity in slant range, and the curvature of 
trajectories. Measurements of electron density in the 
ionosphere were carried out and the effect of electron 
density upon the propagation and absorption of radio 
waves is discussed. These ionospheric studies were made 
by both radio transmissions from the satellites themselves, 
and also by direct measurement in flight through the ion- 
osphere. 

The original texts of the two volumes, now combined 
in one book, were published by the U.S.S.R. Academy of 
Sciences Press, Moscow, in 1958. The bibliographies 
contain over 100 references.—M. D. HULL. 


THE BATTLE OF BRITAIN. Edward Bishop. Allen and 
Unwin, London, 1969. 235 pp. Illustrated. 21s. 

In The Battle of Britain Mr. Edward Bishop becomes 
yet another author who examines those twelve critical weeks 
of twenty years ago. He uncovers little that is new, and 
perhaps his most interesting pages deal with the question 
of whether a better deployed R.A.F. fighter force would 
not have won an even more resounding victory more 
quickly. 

Mr. Bishop indicates that an official German study of 
the Battle now being prepared will say that Dowding 
should have put his aircraft on fields behind London. This 
would have given those airfields protection from attack 
and the aircraft time to climb when en route to battle. 
The further argument is that such a deployment would have 
facilitated bigger concentrations of fighters. The Germans 
apparently are now convinced that this deeper based de- 
fence plus mass fighter attack would have defeated and 


ever, Grahame-White is of interest mainly on three counts: 
first, as a pioneer pilot; second, as one of the first large | 
scale civil air operators and, third, as an aircraft manu: | 


demoralised the Luftwaffe in August and so have prevent} factul 


the subsequent raids on London from being launched, 

There is little doubt that the forward base policy hy 
disadvantages and that there were many times when squa, 
rons had to fly inland to climb in order to fly South agiiy 
for the interception. The massed defence theory is mop 
open to challenge. Dowding had all of Britain to defen 
and to have concentrated, as is suggested, much greaty 
strength near London, would have propounded other pn. 
blems and limited the squadron rotation system which gay 
the defence a flexibility the Germans did not possess, M 
Bishop makes the point that the Luftwaffe was, in fag, 
ill-equipped for the Battle, and operated from rough base; 
with few spares and at the limit of their resources. Nop 
the less, the mathematics are that the total Fighter Com. 
mand strength at the start was some 600 aircraft—t 
majority of them Hurricanes, and 1,253 fighter pilots. Th: 
Germans deployed 800 single-engined fighters, 25 
Me.110’s, 1,130 medium bombers, and 320 dive bomber 
in Northern Germany, Holland, Belgium and France, | 
is always interesting to re-fight a battle with hindsight—an 
to speculate on what would have happened “if”. The 
weakness of this game is that it usually assumes the con. 
tinuation of its actual policy by one side in the face of 
a theoretical change in policy by the other. Had Dowding 
massed his fighters behind London would the Germans have 
answered by a switch in the direction of attack? We do no 
know—and nor (with respect) does Mr. Bishop. 

Most of the book is what might be called “ popular 
writing ” and is a sandwich of personal adventures, grand 
strategy and minor incidents, interspersed with glimpses of 
other parallel events in the world outside. 

Lord Beaverbrook is given such adulation as to ensure 
excerpts from the book being serialised by the Express 
newspapers, while the other heroes are Lord Dowding 
and (one is delighted to see) Sir Wilfrid Freeman. 

Many will enjoy this book, but this reviewer prefers 
to take his military history coldblooded and undiluted— 
unbroken by wedges of “human _interest.’”—CHARLES 
GARDNER. 


CLAUDE GRAHAME-WHITE. Graham Wallace. 
London, 1960. 256 pp. Illustrated. 35s. 

Graham Wallace produced a series of admirable 
historical studies on a variety of aviation subjects before 
his premature death last year at the early age of 41. This 
biography of perhaps the greatest of the first generation 
of pioneer British pilots was just being completed by Mr. 
Wallace at the time he died. Sadly enough, his subject 
also died five months later. Thus, from the point of view 
of posterity, this book was produced only just in time 
and, even so, has had to be completed by the publishers 
without the benefit of those finishing touches which both 
author and subject might have provided. However, Mr. 
Grahame-White did have time to correct the draft before 
his death and the final chapters—although inevitably a0 
anti-climax—-do presumably give an accurate, albeil 
sketchy, picture of that part of his career which followed 
his withdrawal from aviation in 1922. To the reader cot 
cerned with aviation, this latter period is mainly of interest 


Putnam, 


for the six years of haggling with the Government over | 


the disposal of Hendon aerodrome. This episode is 
briefly recounted and, on the evidence of Grahame-White’s 
side of the case, the apparently lamentable behaviour of 
the Treasury is properly exposed for the first time. 


From the point of view of the aviation historian, how [ 


|=. 


job u 
pictu: 
pilot 
only 
activ 
War 
in rl 
and 
fabul 
mor‘ 
flyin, 
up t 
this 

in tt 
it so 
got | 
the 

had 
Air 

mak 
Lon 
part 
Bels 


: 

him 

flyit 
in \ 

cen 
one 
Mr. 
: an¢ 
rect 

the 
of 
a f 
wo 
Wz 
dee 
act 
for 
Inc 
gr 
: esi 
th 
In} 
the 
co 
all 
tw 
vi 
Te 
er 
w 
is 
0! 
a 
hi 


THE LIBRARY—REVIEWS 


715 


facturer (between 1911 and 1920). This book does a good 


job under the first heading and gives a wholly satisfying 
picture of Grahame-White’s “ great period as a pioneer 
pilot which, in fact, really lasted for about eight months 
only from April to December 1910. He continued as an 
active and, for a time, prominent pilot until well into the 
War but, from early 1911, he was increasingly involved 
in running his rapidly expanding business and had less 
and less time for actual flying. Even so, he followed his 
fabulously successful American tour of 1910 with a second 
more modest one in 1911 and he continued to share the 
flying with his pilots on exhibition tours and at Hendon 
up to the outbreak of war. An interesting incident during 
this period occurred while he was giving Caruso a joy-ride 
in the Autumn of 1912. From Grahame-White’s account, 
it sounds very much as if, on this occasion, he unknowingly 
got into one of the earliest recorded spins and nearly spun 
the World’s greatest singer into the ground! Later, he 
had a number of adventures after ioining the Royal Naval 
Air Service on the outbreak of War. These included 
making one of the earliest anti-Zeppelin patrols over 
London at night and ditching in the Channel while taking 
part in a bombing raid on German-held ports on the 
Belgium coast. He left the Navy in mid-1915 to devote 
himself full-time to his aircraft manufacturing business. 

In addition to recounting Grahame-White’s practical 
flying experiences, this book adequately records the way 
in which he established Hendon as a great popular flying 
centre before the War and attempted to so re-establish it 
once peace returned. However, it is, perhaps, a pity that 
Mr, Wallace has not been able to give more intimate 
details of how the great flying displays were organised 
and of how the flying school was operated. Have all 
records been lost of the numbers and types of aircraft used, 
the numbers of pilots employed and trained and the amount 
of flying done? Statistics can make dreary reading but 
a few figures clothed in the author’s lively descriptions 
would have added interest and historical value to what 
otherwise remains a somewhat superficial picture. 

However, the most disappointing thing about Mr. 
Wallace’s otherwise admirable biography is its failure to 
deal at all adequately with its subject’s manufacturing 
activities. The Grahame-White Aviation Company was 
for nearly ten years an important unit in the Aircraft 
Industry. Some of the excellent collection of rare photo- 
graphs which illustrate this book show some of the inter- 
esting prototypes produced and we are told a little about 
the Company’s production activities during the War build- 
ing mainly the designs of other manufacturers. However, 
the record has many gaps and adds little to the far-from- 
complete picture which other recent historical works have 
already provided. 

Whatever its deficiencies as a source of historical facts, 
“Claude Grahame-White” is outstandingly successful in 
two major objectives of any biography. It gives a con- 
vincing picture of the contemporary scene so that the 
reader gets a true impression of the atmosphere and 
enthusiasm of flying’s early years. Indeed, the picture 
which Mr. Wallace painted so successfully in one of his 
previous books—“ Flying Witness ” about Harry Harper— 
is most effectively elaborated and enlarged. The portrait 
of Grahame-White’s character is also convincing. Enthusi- 
astic, dashing and full of energy he seems to have also 
had that characteristic of impatience with certain types 
of people, and particularly with officialdom, which wins 
enemies as well as friends and was to prevent him from 
receiving any official recognition of his great services to 
his country.— PETER W. BROOKS. 


GO GLIDING. Ann Welch and Gabor Denes. Faber and 
Faber, London, 1960. 111 pp. Illustrated. 30s. 

Gliders in flight seen on television or during weekend 
drives into the country are making the sport better known 
to the general public. A few people are interested in the 
technical problems of design and operation but, over- 
whelmingly, the questions asked concern the simpler facts : 
Can you really control where you land? How do you stay 
up? How long does it take to learn and what does it cost? 

The life of a glider pilot is best described with pictures 
and Ann Welch’s story is here well illustrated by more 
than a hundred photographs by Mrs. Welch and her colla- 
borator, Gabor Denes. The photographs are homely ones 
with people the dominating feature. 

On hand to assist their parents and friends into the 
air are the Welch children. The preparations for flight, 
from assembling the glider to sealing the barograph, are 
shown in pictures and described in the accompanying text. 
“ How a glider soars” is followed by chapters on launch- 
ing, training, clubs, cross country flying and competitions. 
These photographs show very clearly how glider pilots 
spend their time. The co-operative nature of the sport is 
emphasised—it has been said that for every hour a glider 
pilot spends in the air he must spend a dozen helping 
others to get airborne. The pleasant nature of these hours 
of assistance is well depicted in this book. 

It scarcely needs saying that a book by Ann Welch 
is completely authoritative. She has been gliding for more 
than twenty years and has played a leading réle in the 
development of the sport both in Britain and internation- 
ally. She writes easily and, although this book is not 
explicitly for young people, it will make a most acceptable 
present for any with a sense of adventure.—ALAN YATES. 


V.C.’s OF THE AIR. John Frayn Turner. Harrap, London, 
1960. 187 pp. Illustrated. Ils. 6d. 

One might expect all 51 air V.C.s to be listed in this 
book, but it is confined to those of the Second World War. 

The facts about each of these 32 V.C.s are told briefly. 
We learn of where they came from, of what they did, and 
perhaps of what their fathers did before these outstandingly 
decorated men joined the various branches of the fighting 
Services. We read of their early careers in the air, some 
long, some astonishingly brief, before the supreme award 
for gallantry came to them, while yet they lived, or (only 
too often) posthumously. 

Each man has a chapter to himself, most short, a few, 
like those about Guy Gibson and Kenneth Campbell and 
Eugene Esmonde of about double the normal length. The 
stories are well written and make an admirable record of 
the bravery of men under exceptional circumstances. If 
the recorder of their deeds adjudges Gibson to be the 
greatest of them all, probably few who read these brief 
biographies will dispute his judgment. 

There seems to be no special quality of birth, of place, 
of education, that breeds V.C.s. They come from all lands 
and from all qualities of people. They are men who rise 
to an occasion of danger and ride it to distinction. Yet 
there is a sadness in the stories, born of the knowledge 
that this greatest decoration of chivalry in England can 
only be awarded in the course of destructive mortal strife, 
in which the most valiant die. And in the certainty that 
many others died in performing deeds of undiscovered 
valour whose names never came to light to gain a place 
upon the immortal scroll of winners of Britain’s highest 
award for gallantry. There should be a monument, not 
only to the unknown warrior, but to the unknown V.C.s, 
of whom there may be legion.—NORMAN MACMILLAN. 


vente, 
d 
hag 
quad. 
Mor 
lefeng 
reater 
Bae 
base 
None 
Com. 
25I 
nbers 
| 
Th 
The 
COn- 
of 
ding 
have 
) not 
lar 
rand 
of 
sure 
ress 
fers 
d— 
LES 
ible 
ion 
Mr. 
ect 
ew 
me 
ers ‘ar. 
Ar. 
elt 
ed 
st 
's 
~ 


776 VOL. 64 


JOURNAL OF THE ROYAL AERONAUTICAL SOCIETY 


DECEMBER 19% 


STRIKE FROM THE SKY. Alexander McKee. Souvenir, 
London, 1960. 288 pp. Illustrated. 21s. 

Mr. McKee in this Battle of Britain book makes a 
good shot at mingling two different kinds of appraisal— 
the strategical and tactical, as seen from on high by the 
rival Air Staffs, and that of the people who were involved 
in the actual combat, directly or indirectly. 

It is a difficult mixture to whisk without it getting 
lumpy. We have decisions of the highest moment, such 
as Dowding’s 15th May insistence to the War Cabinet 
that no further fighter squadrons should leave the U.K. 
But, in the next paragraph, we are bailing out with Air 
Commodore Rosier from a blazing Hurricane. Pages are 
devoted to small incidents of the battle, sandwiched be- 
tween perceptive examinations of the great issues. One’s 
mind has to leap about so—from the brooding plans of 
the chess-players on either side of the channel to the hopes 
and fears of the individual pieces as they are manipulated 
on the board. It takes a great writer to keep such major 
and minor themes balanced and with each enriching the 
other. C. S. Forester can do it; Mr. McKee has a good 
try. He interviewed many people for his material and one 
feels that in several instances he could, with advantage, 
have “subbed ”’ a little. 

The early chapters, setting the scene for the battle, 
and analysing the opposing forces and their equipment, 
are fascinating. The post-war agreed opinion, both British 
and German, is shown as being “little in it’ between the 
Spitfire II and the Me.109, but with that “ little ” belonging 
to the Spit for climb, ceiling, and manoeuvrability—the 
key trinity. Adolf Galland is quoted as saying “ The 
Hurricane was a nice aeroplane to shoot down,” but Wing 
Commander Al Deere’s assessment that the Hurricane was 
the better gun platform and therefore more effective 
against bombers, while remaining dependent for defence 
upon the Spitfires, is more balanced. 

Dowding’s force at the outset was, of course, two- 
thirds Hurricanes, and his Spitfires were mainly of the 
early type without the Rotol C/S propeller. For this 
reason, and for lack of pilot reserves, Dowding’s chosen 
battlefield had to be over England, not over France. 

The first phase of the air battle for Britain, as McKee 
rightly emphasises, began in July with the air attacks on 
Channel shipping. The objective of closing the Channel 
by Stuka attacks covered by fighters was achieved by the 
end of that month. Why the Germans placed such 
emphasis on keeping the coastal convoys out of the 
Channel is not clear. Britain’s strategic sea communica- 
tions were not affected, nor was the ability of the Royal 
Navy to maintain anti-invasion patrols at night. McKee 
suggests that Hitler was flexing his muscles in the hope of 
precipitating a surrender. 

The author puts the date of the start of the Battle of 
Britain proper as 12th August when the Luftwaffe moved 
on from phase one (anti-shipping) to phase two, the attack 
on the R.A.F. and its airfields. The Germans deployed 
650 single-engined fighters, 200 twin-engined fighters 
(which had shown up badly in phase one), 860 bombers, 
and 250 Stukas. The R.A.F. had 200 Spitfires and 400 
Hurricanes—a limitation, actually, of pilots rather than 
aircraft. The Luftwaffe was given four weeks to clear 
the skies for the invasion, and an unrealistic four days to 
neutralise the air defences of South East England. McKee 
argues that the orders to the Luftwaffe represented basic- 
ally a diversification of effort. The targets were R.A.F. 
Fighter Command, Harbours, and the R.A.F’s ground 
organisation near London. As, however, the R.A.F. had 
to defend all three objectives, then if the 109’s won the 


combats, surely everything was contributing to the mai 
task. The 109’s, however, did not win the main Combats, 
and McKee tells an exciting story of the great struggle 
August 14th, when the Luftwaffe made nearly 2, 
sorties and lost 73 aircraft was a “ peak,” but a daily 
rate of well over 1,000 sorties was maintained for , 
fortnight, until, in the first week of September, Fighte, 
Command was facing a crisis of pilot shortage and pilo 
fatigue. So were the Germans, and it is fascinating to hey 
from “over the hill” what was happening to the enemy, 

It is stated that Mr. McKee travelled 10,000 mil 
in Britain and on the Continent to interview opposing 
commanders and their pilots. Many will find the Luf. 
waffe’s side of the story more interesting than our own— 
though perhaps on second thoughts, that may not strictly 
be true. The Battle was, after all, twenty years ago, and 
is only “vieux jeux” to those of us who are, in fact, getting 
“vieux”. But whether old or not, this cross between a battle 
thriller and a military history is well worth reading— 
CHARLES GARDNER. 


UDET: A MAN’S LIFE. Hans Herlin, Translated by Mervyn 
Savill. Macdonald, London, 1960. 256 pp. 25s. 

Ernst Udet was one of those colourful characters whos 
name is inseparably linked with some of the most adventur- 
ous years of aviation’s history. Ace fighter pilot with the 
Richthofen Squadron in the First World War, famous stunt 
pilot and aviation propagandist between the Wars and finally 
one of the leaders of the Luftwaffe in the days when it 
became the main all-powered weapon of German aggres- 
sion, Udet took his own life late in 1941, just when it was 
becoming clear that Hitler’s star had passed its zenith and 
that inevitable defeat and disaster would, in due course, 
overwhelm his country. 

This book has many faults—some facts of history are 
wrongly recorded or interpreted, some events are distorted 
or incompletely described so as to be almost unrecognis- 
able and the whole is woven into an over-dramatised 
account, written in a style which leans heavily on long- 
winded and obviously fictitious dialogue. However, for 
all that, it does succeed in conveying quite convincingly 
the atmosphere of the troubled times in which Udet lived 
and something of the motivations of his unusual character. 
He lived to the full an energetic and, at times, wild life 
at a pitch of enthusiasm—particularly for his main inter- 
est, flying—and at a tempo which few have the energy to 
sustain, as he did, up to the age of 45 at which he died. 

The author of this book unfortunately lacks that 
essential knowledge of aviation history and of the practical 
aspects of flying which could have made his portrait of 
his subject completely convincing and which would have 
made the whole work so much more worthwhile, but he 
does paint a well-finished picture of a man who may Very 
well correspond to the real Udet. It is a picture of 3 
generous—indeed, often grossly extravagant—man with 
strong loyalties to his friends, his caste and his country 
(and, therefore, in the circumstances in which he found 
himself, in due course, a Nazi); a restless spirit with his 
share of frailties who frequently needed a change of et 
vironment, a change of companionship and new and stimv- 
lating interests; a brave man who knew how to restrail 


his fears; an unbalanced character with strong supersti | 


tions, and likes and dislikes, who made many friends 4 


well as enemies, who suffered from moods of ecstacy and | 


of deep despair and who finally went under in the struggle 


for power between personalities which existed during the | 
War in the higher echelons of the Luftwaffe, just as it does | 


so often in many walks of life.—PETER W. BROOKS. 
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RADARGRAMMETRY. D. Levine. McGraw-Hill, London, 
1960. 330 pp. Illustrated. 93s. 

In his Preface the author defines “ radargrammetry ” 
as the science of obtaining reliable measurements by radar. 
He suggests that it applies to both ground and airborne 
applications, including not only radar mapping from the 
air, using either scanning or sideways looking radars, but 
also such ground systems as airways traffic control and 
other applications where a radar display is correlated with 
a map. However, the emphasis of the book is almost 
entirely concentrated on ground mapping using a scanning 
radar in an aircraft at high altitude. 

The first chapter describes the construction of the radar 
map and the errors introduced by aircraft motion, yaw, 
pitch, roll and so on. There follows a description in com- 
mendably elementary terms of the various forms of map 
projection and a discussion of the relationship between 
these and the co-ordinates of the radar map which serves 
to illustrate the difficulties of map matching if high 
accuracy is required. The effect is then considered of 
variations in the height of the ground and of high 
buildings. There follows a chapter on the elementary 
theory of radar returns from the ground, including such 
topics as the effect of pulse width and beam width and 
the mechanism of reflection from perpendicular smooth 
plane surfaces (corner reflectors). A rather lengthy dis- 
cussion on so-called “ angels "—spurious signals sometimes 
ascribed to meteorological conditions, sometimes to 
migrating birds—appears somewhat unexpectedly. The 
book concludes with a discussion of miscellaneous aspects 
of design, including a note on the definition of image 
quality using the concept of spatial frequency. An 
important omission would appear to be anything 
more than a_ passing reference to the errors in 
the radar map introduced by the unstable mechanical 
properties of film during development and storage. These 
errors can be considerably greater than a number of others 
discussed at some length in the text. 

The book has obviously been written for the specialist 
interpreter of certain kinds of radar pictures and should 
prove a useful reference work to him. The method of 
approach is to present a simplified description of a physical 
process and to examine its effect in considerable detail— 
almost ad nauseam in places. The format is good, cross 
referencing is clear, there is an abundance of good 
diagrams in the right places and many useful references 
to other works. However, the general reader must be 
prepared to do a considerable amount of selection if he 
is not to find it tedious.—F. D. BOARDMAN. 


‘ 


FIGHTER AIRCRAFT OF THE 1914-1918 WAR. Com- 
piled by W. M. Lamberton; drawings by J. D. Carrick and 
F, Yeoman; edited by E. F. Cheesman; produced by D. A. 
Russell. Harleyford Publications. 1960. 223 pp. 45s. 

All who have to undertake research into the factual 
realm of the earlier periods of heavier-than-air flying are 
aware of the difficulties raised by the lack of adequate 
contemporary compilation. Seldom, now, passes a month 
When this reviewer receives no question from seekers 
after knowledge concerning matters void of record or 
indifferently chronicled, in the belief that his personal 
experience can supply the want or point the way to the 
truth from the morass of doubt and ambiguity. And it 
Is a matter for regret that museums cannot be relied on as 
infallible guides to accuracy, for there are many gaps in 
their displays and supporting literature covering the First 
World War in the air. Even the official British history, 
The War in the Air, is not free from errors and omissions, 


despite the care lavished upon official publications; there 
is no comparable German history at all. 

Thus any new publication which serves to fill the gaps 
and correct the errors is a welcome addition to aviation 
history. This latest “Harborough” book does well in bring- 
ing together a mass of information, in narrative and tabular 
forms, supported by 703 photographs and 84 pages of 
3-view drawings to 1:72 scale (showing also fuselage cross 
sections at three points and wing section at one point) of 
the fighter aircraft of Britain, Germany, France, Italy, 
America and Austro-Hungary. There is much of interest in 
the narratives of the 84 aircraft selected for double-spread 
treatment and 419 photographs; and in those dealing with 
the development of fighter armament, camouflage, mark- 
ings, and engine indentification, embellished by 116 
photographs in which details may be studied pictorially 
and the inquiring eye observe things of particular personal 
appeal. 

Aircraft additional to the selected 84 are covered 
briefly by photographs and legends of 107 rare aircraft 
and also may be found in the 10 pages tabulating dimen- 
sions, performance and guns (but not bombs) of 163 air- 
craft. Sixty-one further photographs present pictorially 
a selection of aero engines, engine installations, cockpit 
interiors, fuselage skeletons, unusual details of aircraft and 
their equipment and a line-up of an American, an Austra- 
lian and a German squadron in France in 1918. The short 
cinder tracks and small hangars in the air view of 
Droglandt (not Droglandts) aerodrome in Flanders as it 
was in 1917 makes an interesting comparison with modern 
airfield construction. 

In a foreword the producer states that “ The tables of 
dimensions, armament and performance figures have been 
compiled after intensive consideration of the various 
figures quoted by different sources. Those regarded as the 
most reliable have been used.” As an index to their 
accuracy your reviewer compared the Sopwith 14-Strutter 
and Camel figures given against performances established 
in a front-line squadron in France. The squadron’s 
armed 110 h.p, Clergét 14-Strutter flew at about 6 m.p.h. 
slower max. speed and took about one minute more to 
reach 10,000 ft. The 130 h.p. Clergét Camel tallied up 
to 10,000 ft., but above that height the best squadron climb 
took 34 minutes longer to 15,000 ft.; the ceiling was the 
same. But, as Mr. Russell himself writes: ‘‘ Performance 
figures are notoriously variable and range from those 
supplied by the Constructors (often very optimistic) to 
those found as a result of evaluating tests made by Tech- 
nical Departments on a captured aircraft (sometimes quite 
pessimistic!)”. Test flying and performance analyses 
were certainly not then performed as accurately as after- 
wards. And in this reviewer’s experience the same type 
of aircraft often varied in performance when built by 
different woodwork firms. Pilots quickly learned which 
firm built best. 

Air Aces of the 1914-1918 War presented the men in 
a fascinating period of military air history and this com- 
panion book presents their machines and arms. As a guide 
and means to compare the 1914-1918 fighter products of 
six nations easily it will appeal to all interested in the 
aircraft industries and air forces of the first war in the air. 

There are few compositors’ errors. On p. 81 the 
Aldis tube sight is called telescopic, but, since it did not 
magnify, this is wrong. In the mass of information here 
provided, such a small formerly common slip may readily 
escape detection and be perpetuated. For their overall 
achievement the hard-working compilers deserve both 
praise and profit——NORMAN MACMILLAN. 
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STRUCTURAL MECHANICS. Proceedings of the First 
Symposium on Naval Structural Mechanics held at Stanford 
University, California, in 1958. Edited by J. N. Goodier and 
N. J. Hoff. Pergamon, Oxford, 1960. 598 pp. Illustrated. 70s. 

Before there were aircraft there were railways and 
before there were railways there were ships; the problems 
of the detail design of structural tubes, with which Fair- 
bairn, Hodgkinson and Robert Stephenson first had to 
contend in designing the Britannia bridge, and which have 
since proliferated so exuberantly in the design of aircraft, 
do after all belong to the world of ships. 

It should not surprise us therefore to find the U.S. Office 
of Naval Research sponsoring this symposium, but it is 
astonishing to see the scope both in subjects and in the detail 
in which they were treated. The opening survey of the many 
and varied problems of design of ships was followed by a 
very thorough review of all the latest materials available and 
under development for use at air and at high temperatures. 
There were papers on linear elasticity, dealing primarily 
with three-dimensional problems, on finite strain, on visco- 
elasticity, on thermal stresses, on plasticity, on photoelas- 
ticity and photoplasticity and on fracture; in more direct 
relation to complete structures there were papers on the 
theory of sheils, on the instability of thin shells, on com- 
putation by digital computers, on stress wave propagation, 
on the effects of shock and vibration, and on interaction 
between the structure and the fluid. All the papers present 
highly competent surveys of their own fields by acknow- 
ledged experts, but they vary widely in style. Several are 
very readable, but others make no concession to the 
inexpert reader and many list over 100 references. 

Of course symposia of this kind afford useful oppor- 
tunity for contacts between research workers, and the 
discussions printed in the published report are supplemen- 
ted by photographs showing more informal discussion. One 
is left wondering how far the contacts established will 
indeed enable the ship designer to profit by expert advice. 
The problems of communication which beset Stephenson, 
Fairbairn and Hodgkinson, are still severe.—H. L. COx. 


Additions to the Library 


Aerodynamik des Flugzeuges, Band 2. H. Schlichting and 
E. Truckenbrodt. Springer, Berlin. 1960. 481 pp. 
Diagrams. DM. 61.50. To be reviewed. 

Aerospace Engineering Index, 1958. J. J. Glennon 
(Editor). 1.AS. New York. 1960. $10 to members. 
$15 to non-members. 265 pp. To say that this index 
has been long-awaited is one of those understatements 
for which the English are renowned. Libraries holding 
the series since 1947 cut down their searching time by 
a large percentage and, should the index ever get within 
six months of the period it covers, this percentage will 
be something like 80 per cent, probably more. There 
are fewer pages than in 1957 (341) but this is probably 
due to the use of a type that is going to prove a severe 
strain to the myopic. Whoever counts the items makes 
the total 9,200 as against 8,600 for the previous year. 

Aerospace Facts and Figures, 1960. Ben S. Lee (Editor). 

American Aviation. Washington. 1960. 148 pp. Pre- 

space readers will remember the series of “Aviation 

Facts and Figures” produced each year by the Aircraft 

Industries Association. This is that publication’s natural 

successor, produced by the Aerospace Industries 

Association of America. It will be noticed that A.I.A. 

conveniently refers to either. As before (before space 

that is) the publication contains many very useful tables 
of production figures, manpower engaged in aeronautics 

(and space), economics, air transport statistics and so 

on. Each section is accompanied by an interesting 

commentary. 


THE FLIGHT OF THE SMALL WORLD. Arnold Elow, 


and Peter Elstob. Hodder and Stoughton, London, 1% 
Illustrated. 256 pp. 16s. 

When the extraordinary idea of crossing the Atlantic ) 
balloon was announced, many of the aeronautical communi 


were at first merely sceptical. Their scepticism turned  — 


dismay when it was realised that the crew for this Strang 
adventure were the merest babes as far as practical aviatiqy 
was concerned who intended to carry out their epic with » 
elaborate vehicle, much of whose equipment was untriej 
By today’s aeronautical conventions the idea was unthinkable 
no prototype flight tests, no performance schedule, no crey 
training programme; how could it possibly work? 

This book is the explanation of how “success” wa 
achieved. Two years of painstaking and single-minded though 
and ‘work had gone into the project before the hair breadth 
night launching from a beach in the Canary Islands jn 
December, 1958. The energy and planning of the team during 
that period deserve as much respect as does their courage in 
making the attempt. For courage it certainly was. The 
exigencies of time and cost dictated that there was to bea 
minimum of flight experience with the balloon itself and 
indeed the whole crew had only once been up in the balloon 
shortly before leaving England, and that was a tethered 
ascent. 


The outline story of the air/sea crossing with the night 
landing after a rapid descent some four days out by air is by 
now widely known. This book gives a lively inside view of the 
adventure. If like the reviewer you were numbered with the 
sceptics, read it to see what really was in the minds of these 
dedicated (there is no other word) people. 


It is a pity that such an exciting story has been told in the 
style of journalese and that there is a serious lack of dates in 
the narrative. These things apart, it is just the adventure 
story to wonder at and be glad that you were not taking 
part in.—P.A.H. 


Balloon, Flying-Machine, Helicopter; further studies in 
the history of terms for aircraft in English. Svante 
Stubelius. Gothenburg Studies in English No. IX. 
Goteborg University. (Almavist and Wiksell, Stock- 
holm, Gamla Brogatan 26. Distributors). 1960. 
396 pp. 35 Sw.kr. To be reviewed. 

Blackburn Story, The. Blackburn Aircraft Ltd., Brough. 
1960. 40 pp. Illustrated. 

Bristol Fashion. John Pudney. Putnam, London, 1960. 102 
pp. Illustrated. 12s. 6d. This is not an authoritative his- 
tory of the Bristol Aeroplane Co. but a tribute to some of 
the pioneers of the earlier days of the Company. In the 
limited compass of ninety-odd pages illustrated by some 
informal sketches by David Gentleman, an entertaining 
account of some of the more interesting events in the 
Company’s first 25 to 30 years of existence is given. The 
emphasis throughout is upon personalities rather than 
upon the famous or unusual aircraft or engines pro 
duced. One regrets that some of the lesser-known 
personalities could not have received more attention. | 

Conquérantes du ciel. H. Lauwick. Presses de la cité, 
Paris. 1958. 21s. 314 pp. French books have 4 
tendency to talk chiefly about the French but this one 
does not suffer in that way. The “blurb” says that 
the author a co~~« toutes les grandes aviatrices and in 
his book he 2s of Jacqueline Cochran, Hanna 
Reitsch, Ameliz —arhart and others. 


DECEMBER {yf 


Elementary Treatise on the Mechanics of Fluids, A» 


W. J. Duncan, A. S. Thom and A. D. Young. Arnold, f 
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London. 1960. 714 pp. Diagrams. 70s. To be 
reviewed. 
Ghost Ship of the Pole. Wilbur Cross. William Heine- 
mann, London. 1960. 306 pp. Illustrated. 25s. 


To be reviewed. 
International Agricultural Aviation Conference, Report 
of the First. Dr. W. J. Maan (Editor). International 


Agricultural Aviation Centre, The Hague. 1960. 
429 pp. Illustrated. 50s. To be reviewed. 
Liquid Propellant Rockets. D. Altman ef al. 189 pp. 


24s. Solid Propellant Rockets. C. Huggett ef al. 


167 pp. 20s. Gasdynamic Discontinuities. W. D. 
Hayes. 68 pp. Ils. 6d. Small Perturbation Theory. 
W. R. Sears. 63 pp. Ils. 6d. Higher Approximations 


in Aerodynamic Theory. M. J. Lighthill. 147 pp. 16s. 
High Speed Wing Theory. R. T. Jones and D. Cohen. 
243 pp. 24s. These are the first six titles in the 
Princeton University Press’s Princeton Aeronautical 
Paperbacks, handled in this country by Oxford 
University Press. It will be remembered that this 
Journal has reviewed, from time to time, volumes in 
the Princeton Series on High Speed Aerodynamics and 
Jet Propulsion. These volumes are, of course, some- 
what expensive for the serious student of the subject 
and, in response to many reauests, the publishers have 
magnanimously reprinted the essence of some of the 
contributions most likely to be helpful at a price that is 
reasonable by any standards and positively inexpensive 
by today’s. 

Mechanics of Vibration, The. 
Johnson. Cambridge University Press, London. 
592 pp. Diagrams. £6. To be reviewed. 

Noise Reduction. L. L. Beranek. McGraw-Hill, New 
York. 1960. 752 pp. Illustrated. £5 12s. 6d. To be 
reviewed. 

Principles and Practice of Aircraft Electrical Engineering. 


R. E. D. Bishop and D. C. 
1960. 


Tables of Thermodynamic and Transport Properties of 


Air, Argon, Carbon Dioxide, Carbon Monoxide, 
Hydrogen, Nitrogen, Oxygen and Steam. J. Hilsenrath 
etal. Pergamon, London. 1960. 478 pp. Tables. £7. 
A revised edition of a series of compilations by the 
American National Bureau of Standards and originally 
published by the U.S. Department of Commerce as 
N.B.S. Circular 564. 


Third Front, The. D. Liversidge. Souvenir Press, London. 


1960. 219 pp. Illustrated. 21s. It is difficult to 
imagine a more uninspiring subject for a book than 
wartime weather forecasting and with an Arctic back- 
ground. Despite this lack of promise the author has 
produced an exciting book in writing up an aspect 
of the Second World War that will probably find no 
other chronicler. Bravery and fortitude shown in con- 
ditions such as those described in this book are probably 
of a higher order than any other. 


To Greece (New Zealanders in the Second World War). 


W. G. McClymont. War History Branch, Department 
of Internal Affairs, Wellington, N.Z. 1959. 538 pp. 
Illustrated. No price quoted. Part of the Official 
History of New Zealand in the Second World War, 
this deals with the formation of the Second New 
Zealand Expeditionary Force, with the movements and 
experiences of its brigade groups before they assembled 
in Egypt and, finally, with the operations of the New 
Zealand Division in Greece. 


War Planes of the Second World War: Fighters, Volume I. 


William Green. Macdonald. London. 1960. 192 pp. 
Illustrated. 9s. 6d. The first of a series containing full 
details of all aircraft, both operational and experi- 
mental prototypes, of all combatant countries. Each 
aircraft is illustrated with photcegraphs, many previously 
unpublished, and a three-view line drawing. This 


H. Zeffert. 


George Newnes Limited, London. 


762 pp. Illustrated. 90s. To be reviewed. 


S.A.E. PREPRINTS 


National Aeronautical Meeting (Los Angeles 


10th-14th October 1960) 


232c 


1960. 


volume covers the fighters of Australia, 


Belgium, 


Bohemia-Moravia, Finland, France and Germany. 


Utilization of solid propellant power 
supplies for ground to air rapid firing 
missiles. M. Voytish. 


237c 


Flight testing the Convair 880. D. 
Germeraad. 
A new concept in automatic landing 


2284 A method for controlling time- 232p How to select power systems for and navigation. F. K. Preikschat. 
variable aerodynamic heating and aero-space applications. J. S. 238A Development of in-flight modulating 
loads in structural testing. G. R. Newton. type thrust reverser for single engine 
Rewerts and P. J. Swanson. 233a Inorganic adhesive bonding for aircraft. W. T. Kehrer. 

2288 Testing techniques for elevated tem- functional temperatures up to 5000°F. 2398 Low cost cargo aircraft—turboprop 
perature structures. S. L. Shaw and R. A. Long. or turbofan? T. F. Cartaino and 
C. H. Stevenson. 233c A pressure vessel test program for R. B. Johnston. 

228c Strength prediction after severe and the evaluation of rocket motor case 240B Development of a pyrophoric fuel 
complex thermal histories. D. M material. C. W. Haynes and P. J. thrust augmenter for the J69 engine. 
Badger and C. D. Brownfield. Valdez. D. G. Bay and J. H. Hill. 

228p Methods of establishing and present- 233p Mach 3 wing structures: stiffened 240c Design characteristics affecting gas 
ing environmental design criteria for skin versus sandwich. J. C. Joanides turbine combustion performance. 
air vehicles. J. B. Stein. et al. A. H. Lefebre and T. Durrant. 

229a Future reliability concepts and 2348 Power generating systems for manned 241B A newconcept in ground movement. 
ramifications. B. H. Hershkowitz. space vehicles. W. C. Dunn. R. F. Adickes. 

2298 Reliability concepts for future trans- 234c Secondary power systems for space 241c Automatic checkout equipment; an 
ports. H. W. Adams. vehicles. D. B. Mackay. airline viewpoint. J. A. Aldrich. 

229c An evaluation of the relationship 234p Experimental boiling sodium system. 241D A voice frequency communication 
between reliability, overhaul perio- T. A. Coultas and H. L. Burge. system for operational missile weapon 
dicity, and economics in the case of 2354 Reliability implementation in engi- systems. R. R. Dye. 
aircraft engines. F. S. Nowlan. neering design. I. Doshay. 2424 The H-1 rocket engine for Saturn. 

2299 The philosophy of design safety 2358 Anintegrated reliability and maintain- R. Healy. 
provisions in complex weapons. ability program. M. E. Wheelock. 242p Fire safety design considerations for 
W. L. Johnston. 235c Reliability factors in part procure- rocket powered vehicles. K. P. Lopp. 

2314 Design of experiment in determin- ment. D. C. Beery. 2434 Applications of the Army-Navy 
ation of shock and vibration environ- 235p Therole of a reliability field engineer- instrumentation program to trans- 
ment. J. E. Barkham. ing program in. weapon systems port aircraft. A. M. Mayo and H. L. 

2318 Presentation and analysis of ship- reliability. C. A. Overbey. Wolbers. ; 
board shock data. S. C. Atchison. 236a Shock testing with the electro- 2438 LOCTRACS—an all aircraft surveil- 

231c Processing missile flight vibration dynamic shaker. R. H. Wells and lance system. P. F. Pearce. 
data. J. N. Christiansen. R. C. Mauer. 243c Atmospheric density as an altitude 

231D Correction and statistical analysis of 2368 Representing frequency response indicator. H. E. Reiquam. f 
missile flight vibration data. M. D. characteristics of elastomers forshock 2444 Survival consideration for inter- 
Lamoree. isolation. R. E. Newton and L. E. planetary missions. E. A. Smith and 

2328 Development and tests for achiev'ng Matthews. R. W. Connor. 


reliability and reproducibility of solid 
propellant gas generators. K.. F. 
Miller. 


236C 


Response of small electronic com- 
ponents to intense sound fields and to 
vibration. D. U. Noiseux. 


Maintaining the confidence of the 
space crew in their life support 
system. R. B. Wilson. 
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244p Human factors criteria in manned 247p Electronic computer for optimum 60-98 Manufacture and testing of Bix 
weapon systems. plan determination. M. E. I. R. Cameron, 
. B. Morris. zer. air-breathing satellite boost, 
: : : C.A.1.— 1.A.S. PREPRINTS S. Molder and J. H. T. Wu. 
Se (Montreal, 17th - 18th October 1960) 60-100 Aerodynamics of biasts. I. I. Gay 
during throttling of a regeneratively 60-94 Some techniques used for the 60-101 Development and checkout of iy 
cooled liquid  hydrogen-fluorine ground resonance testing of aircraft. N.A.S.A. Mercury capsule. G, } 
rocket engine. E. W. Otto and R. A C. E. Tammadge. North. . 
Flage 60-95 60-102 of inlet duct for th 
.T.O.L. transport. F. N. Dicker- propeller-turbine installation 
246D Able, upper man and C. F. Branson. S.T.O.L. aircraft. D. H. Henshar 
ve 60-96 Aerodynamics of the gas path in the 60-103 Long range communication 
Stir to relia L ity at low cost. W. D. PT-6 engine. J. C. Vrana. aircraft. J. H. Meek. 
tinnett, e¢ al. 60-97 Nonpropulsive power systems for 60-104 The development of a global com. 
247c Equivalent wind concept in route long-time applications. B. Lubarsky munications satellite system. A, \V, 


planning. R. M. Wells. 


and R. E. English. 


Levine. 


Reports 


AERODYNAMICS 


BOUNDARY LAYER see also INTERNAL FLOW 


Calculated leading-edge laminar separations from some R.A.E. 
aerofoils. N.Curle and S. W. Skan. C.P. 504. 1960. 

When separation occurs at the leading edge of a thin aerofoil 
the Reynolds number at separation largely indicates whether 
a long or short separation bubble is formed. This Reynolds 
number depends upon the boundary layer development, which 
is governed in turn by such parameters as the lift coefficient 
and the ratio of nose radius to aerofoil chord. Calculations 
have been carried out to determine separation conditions, when 
these parameters are varied, for the R.A.E, 100-104 family of 
aerofoils.—(1.1.4.1). 


An approximate solution of the turbulent boundary layer equa- 
tions in incompressible and compressible flow. G. M. Lilley. 
C.0.A. Report 134. July 1960.—(1.1.3.1 x 1.1.3.2). 


An integral method for natural-convection flows at high and 
low Prandtl numbers. a Braun and J. E. Heighway. 
N.A.S.A.T.N. D-292. June 1960. 
The boundary layer is analysed into two regions, the thermal 
and the viscous. Separate polynomials are used to approximate 
the temperature and velocity profiles in the two regions and are 
then matched at the interface. Comparisons with numerical 
solutions of the flow over a flat plate show improvements over 
other integral methods. Application is made to the flow over 
a cone.—(1.1.1 X 34.3.2). 


‘Effects of fixing boundary-layer transition for a swept- and a 
triangular-wing and body combination at Mach numbers 
from 0°60 to 1°40. L. S. Stivers. N.A.S.A. T.N. D-312. 
June 1960. 

The wings had an as ratio of 2°99 and 3 per cent thick 
biconvex sections. Lift, pitching moment, and drag data were 
obtained at Mach numbers from 0-60 to 1°40 for angles of 
attack from —2° to about 15°. The Reynolds number was 
generally 1:5 million; however, minimum drag data were 
obtained for both configurations over a range of Reynolds 
numbers from 1:0 million to about to 40 million — 
(1.1.2.3 x 1.10.2.2 x 1.8.2.2). 


Accurate solutions of the laminar-boundary-layer equations, for 
flows having a stagnation point and separation. N. Curle. 
R. & M. 3164. 1960.—(1.1.1.1 X 1.1.4.1). 


Plane laminar forced convection film boiling with subcooling. 
ome S. Bradfield. Convair Sc. Res. Lab. Res. Note 35. July 
60 


Laminar forced convection film boiling is analysed as a two 
phase boundary layer problem. The model postulated assumes 
a liquid outer boundary layer with a vapour sublayer.—(1.1.1.1 
X 1.9.1 X 34.3.2). 


COMPRESSIBLE FLOW see also TESTING AND INSTRUMENTS 


Pressure distribution tests of several sharp leading edge wings, 
bodies, and body-wing combinations at Mach 5 and 8. R. E. 
Randall et al. A.E.D.C.-T.N.-60-173. Sept. 1960. 

Tests were conducted with the unit Reynolds number varying 
from 0°8 X 10® to 6X 10® per ft. to determine the effect on the 
pressure distribution. The angle of attack range was from 
—10° to +20°. Shadowgraphs of shock wave and boundary 
layer phenomena were obtained at various angles of attack. 


Vapour screen photographs were taken with liquified flow cop- 
ditions in the test section to visualise the cross-sectional shape 
of the shock wave.—(1.2.3 X 1-6.1 X 1.10.2.2 X 1.12.5 X 25). 


The structure of a Prandtl-Meyer expansion fan in an ideal dis 
sociating gas. J. P. Appleton. U.S.A.A. Report 146. 

The effect of a finite rate of chemical relaxation on the struc- 
ture of a two-dimensional rarefaction wave in an ideal dissocia- 
ting gas is studied theoretically. By using the method of 
characteristics, the equations describing the flow round a shap 
corner are solved numerically for one particular set of initial 
conditions. Expansion angles up to and including 30° ar 
considered. Certain discrepancies between the theoretical and 
numerical results obtained and the results of previous investi- 
gators are discussed. The possibility of realistic comparison of 
experimental results with theory is also considered.—(1.2.3.2), 


FLUID DYNAMICS 


Subsonic hydromagnetic flow in a two dimensional channel. 
F. D. Hains, Boeing D1-82-0057. March 1960. 

The influence of a magnetic field on the subsonic flow of a 
conducting gas through a constant area, two-dimensional 
channel, is studied. The magnetic field is produced by a 
straight wire outside of the channel and normal to the flow 
direction. By assuming the gas to have a small conductivity, 
a linearisation of the governing equations is possible —(1.44). 


INTERNAL FLOW see also TESTING AND INSTRUMENTS 
THERMODYNAMICS 


On fully developed channel flows: some solutions and limita- 
tions, and effects of compressibility, variable properties, and 
body forces. S. H. Maslen. N.A.S.A. T.R. R-34. 1959. 
Limitations on fully developed laminar flows due to compressi- 
bility and property variations are examined. The cases, for 
liquids and for gases, wherein such motions are “exact” are 
determined and solutions are given. For more general condi- 
tions, not permiting an exact fully developed flow, limitations 
are set. Two cases arise depending on the size of the tempera- 
ture variation across the channel. Both the forced and free flow 
are solved for the case of large temperature variation. Some 
circumstances under which streamwise variations of velocity 
occur are described. The case where the velocity varies in- 
versely with the square root of the distance is solved.—(1.5.1* 
1.1.1 X 1.9.1 X 34.4). 


LOADS see COMPRESSIBLE FLOW 
DESIGN AND CONSTRUCTION 


PERFORMANCE see DESIGN AND CONSTRUCTION 


STABILITY AND CONTROL see also BOUNDARY LAYER 
DESIGN AND CONSTRUCTION 


Free-spinning-tunnel investigation of a 1/20-scale model of an 
unswept-wing jet-propelled trainer airplane. J. S. Bowman 
and F. M. Healy. N.A.S.A. T.N. D-381. June 1960. 
Results of an investigation of a dynamic model in the Langley 
20 ft. free-spinning tunnel are presented. Erect and inverted 
spin characteristics were determined for a range of mass distti- 
bution conditions. Recovery from spins obtained was attem 


- by various control manipulations.—(1.8.3 X 5.3 X 3.6). 


Trim drag at supersonic sveeds of various delta-planform con 
figurations. M. E. Graham and B. M. Ryan. N.A.S.A. TN. 
D-425. June 1960. 
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The drag due to lift and the maximum lift-to-drag ratio at 
supersonic speeds of zero thickness, trimmed statically stable 
delta-wing-plus-tail, detal-wing-plus-canard, and delta-wing- 
alone configurations are studied with the aid of linear theory. 
These configurations do not include a body.—(1.8.2.1X 


1.10.1.2). 


THERMOAERODYNAMICS see BOUNDARY LAYER 
TESTING AND INSTRUMENTS 
THERMODYNAMICS 


WINGS AND AEROFOILS see also BOUNDARY LAYER 
INTERNAL FLOW 
COMPRESSIBLE FLOW 
STABILITY AND CONTROL 


Free-flight measurements of the zero-lift drag of several wings 
at Mach numbers from 1°4 to 3°8. H. H. Jackson. N.A.S.A. 
T.N. D-395. June 1960. 

An investigation was made to determine the zero-lift drag at 
high Reynolds numbers and at Mach numbers 1:4 to 3-8, of 
some swept, unswept, delta and diamond wings of current 
interest. The wings were all of the same exposed area with 
thickness ratios varying from 5 to 3 per cent and were mounted 
on bodies of fineness ratio 10°75.—(1.10.1.2 X 1.10.2.2 25.2). 


TESTING AND INSTRUMENTS see also COMPRESSIBLE FLOW 


Effects of air contamination in a helium tunnel. A. Henderson 
and F. E. Swalley. N.A.S.A. T.N. D-406. June 1960. 

The effects of *contamination of helium by air upon static 
pressure, total pressure, heat transfer, and temperature measure- 
ments have been investigated in the 2 in. helium tunnel at the 
Langley Research Center. The heat transfer and temperature 
measurements were made on a 26°6° half-angle cone and 
demonstrated the effects of contamination qualitatively.— 
(1.12.1.3 X 1.9.1 X 1.5.1.4 X 1.2.3). 


AEROELASTICITY 


See STRUCTURES—THEORY AND ANALYSIS 
AIRCRAFT 


See AERODYNAMICS—STABILITY AND CONTROL 
DESIGN AND CONSTRUCTION 


The supersonic transport—a technical summary. Staff of the 
Langley Research Center. N.A.S.A. T.N. D-423. June 1960. 
Discussions are included of various problem areas in super- 
sonic transport design. Problems discussed included perform- 
ance, noise, materials, structures, loads, flying qualities, 
landings, airway traffic control, and use and effects of variable 
geometry.—(4.2 X 5.1 X 33.1 X 33.4 21 X 1.7 X 1.6 x 1.8 x6.5). 


AIRCRAFT OPERATION 


See also AERODYNAMICS—STABILITY AND CONTROL 
DESIGN AND CONSTRUCTION 
STRUCTURES—LOADS 


The improvement of the safety of aircraft by the perfecting of 
hydraulic transmission fluids. Ch. Horny. R.A.E. Lib. Trans. 
900. May 1960. 

After a brief review of the problems of hydraulic fluids, 
laboratory and “ bench” tests of hydraulic fluids are discussed, 
Special attention is paid to the O.N.E.R.A. “Caisson test.”— 
(5.3 X 34.1.1 X 18.2). 


Ground reflection of jet noise. W.L. Howes. N.A.S.A. T.R. 
R-35. 1959, 

The effect of a reflecting plane is determined from theory and 
experiment. From the theoretical characteristics of far-field 
acoustic decay a correction-to-free-field procedure is developed 
for data obtained in the presence of a plane. Several theoretical 
predictions were confirmed from experimental decay curves 
and corrected spectra.—(5.6). 


Investigation of minimum corona type currents for ignition of 
aircraft fuel vapors. M. M. Newman and J. D. Robb. N.A.S.A. 
T.N. D-440. June 1960. 

A supplementary study continuing an earlier investigation on 
eee hazards in relation to aircraft fuel tanks.—(5.3X 


AIRPORTS 


See DESIGN AND CONSTRUCTION 


EXTRA-ATMOSPHERIC TECHNOLOGY 


See also STRUCTURES—THEORY AND ANALYSIS 


Discovery of electrons with an energy of about 10 kev in the 
upper atmosphere with the aid of the third earth satellite. V. 1. 
Krasovskiy et al. N.A.S.A. T.T. F-39. June 1960. 

The electrons were recorded at altitudes ranging from 470 to 
1880 km. above sea level and the streams were found to have 
greatest intensity at the higher geomagnetic latitudes — 


Effect of eccentricity of the lunar orbit, oblateness of the earth, 
and solar gravitational field on lunar trajectories. W. H. Michael 
and R. H. Tolson. N.A.S.A. T.N. D-227. June 1960. 
Comparisons have been made between lunar trajectories which 
have been calculated by using the classic restricted three-body 
equations of motion and lunar trajectories (with identical in- 
jection conditions) which have been calculated by using equa- 
tions of motion which include terms representing the additional 
effects.—(8.2). 


Analysis of trajectory parameters for probe and round-trip 
— to Mars. J. F. Dugan. N.A.S.A. T.N. D-281. June 
For one-way transfers between Earth and Mars, charts are 
obtained that show velocity, time, and angle parameters as 
functions of the eccentricity and semi-latus rectum of the Sun- 
focused vehicle conic. From these curves are obtained others 
useful in planning one-way and round-trip missions to Mars. 
A set of 22 working charts for Earth-Mars trajectories is made 
available.—(8.2). 


Satellite and space propulsion systems. W. E. Moeckel et al. 
N.A.S.A. T.N. D-285. June 1960. 

Results of a study of low-thrust systems for space and satellite 
propulsion are summarised. Particular emphasis is placed on 
electric propulsion. After an introduction to the general 
characteristics of electric propulsion systems, some of the most 
promising electric power generators and thrust generators are 
reviewed. Electric propulsion systems are compared to chemical 
and nuclear rockets for satellite sustaining and orbit control, 
and for manned and unmanned missions to Mars.—(8.2 X 27.3 
X 27.6 X 25). 


FUELS AND LUBRICANTS 


See POWER PLANTS 


INSTRUMENTS AND EQUIPMENT 


See also AIRCRAFT OPERATION 
STRUCTURES—TESTING 


Some problems in flanging and beading membranes. B. V. 
Grigoryev. N.A.S.A. T.T. F-32. June 1960. 

Hydraulic forming of thin metal diaphragm material is dealt 
with. Consideration is given to the problem of the pressure 
necessary for forming the diaphragm and utilising this pressure 
“an the clamping pressure of the blank against the rim. 


MATERIALS 


See also DESIGN AND CONSTRUCTION 
STRUCTURES—THEORY AND ANALYSIS 


The theory of diffusion in strained systems. L. A. Girifalco 
and H.H. Grimes. N.A.S.A.T.R. R-38. 1959. 

A general theory of solid-state diffusion in strained systems is 
developed on a molecular-kinetic basis.—(21.2 X 21.3). 


The effects of copper, silver and gold on the ageing charac- 
teristics of ternary aluminium-zinc-magnesium alloys. 
Polmear. A.R.L. Report M.E.T. 34. Feb. 1960. 

Hardness /ageing time curves were determined within the range 
—20° to 270°C. and the results have been supplemented by 
some metallographic observations.—(21.2.2). 


Some experiments on the effect of rolling temperature, pre- 
strain and strain rate on the ductility of chromium. L. 
Wain et al. A.R.L. Revort Met. 36. May 1960. 

Chromium has been “cold rolled” at several temperatures in 
the range 300° — 1050°C.—(21.2.1). 
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Tables of the Bessel-Kelvin functions ber, bei, ker, kei, and 
their derivatives for the argument range 0 (0.01) 107.50. H. H. 
Lowell. N.A.S.A. T.R. R-32. 1959.—(22.1). 


Programmation de la méthode de calcul de valeurs propres 
dite ““ Methode des matrices allonges.” D. Clerc. O.N.E.R.A. 
N.T. 60. 1960.—(22.1). 


See AERODYNAMICS—COMPRESSIBLE FLOW 
WINGS AND AEROFOILS 
EXTRA-ATMOSPHERIC TECHNOLOGY 
STRUCTURES—THEORY AND ANALYSIS 


POWER PLANTS 


See also EXTRA-ATMOSPHERIC TECHNOLOGY 
THERMODYNAMICS 


Analysis of injection-velocity effects on rocket motor dynamics 
and stability. H.G. Hurrell. N.A.S.A. T.R. R-43. 1959. 

A concept of combustion time lag that includes dependency 
on injection velocity is introduced. The concept is used in 
the formulation of chamber transfer functions and in an 
analysis of low-frequency combustion instability. Theoretical 
frequency responses and stability boundaries are compared 
with those obtained when the injection-velocity sensitivity is 
neglected.—(27.3 X 34.1.1). 


Comparison of localized heat-transfer rates in a liquid-oxygen- 
heptane rocket engine employing several injection methods and 
oxidant-fuel ratios. R. F. Neu. N.A.S.A. T.N. D-286. June 
1960. 


The effects of injection process and oxidant-fuel ratio upon 
values of heat transfer were studied in an 1,800 lb. thrust 
oxygen-heptane rocket engine. Each experimental case is ex- 
plained individually in terms of such factors as injector spray 
pattern, spatial heat release, and patterns of hot gas flow.— 
(27.3 X 14.3 X 34.1.1). 


Photomicrographic tracking of ethanol drops in a_ rocket 
chamber burning ethanol and liquid oxygen. R. D. Ingebo. 
N.A.S.A. T.N. D-290. June 1960. 

An ultra-high-speed tracking camera was used to photograph 
ethanol jets breaking up into drops and burning in a rocket 
combustor 4 in. from the injector face. Drop-velocity data 
ue. obtained with the tracking camera.—(27.3 X 14.1 < 


STRUCTURES 
LOADS see also DESIGN AND CONSTRUCTION 


Investigation of tandem-wheel and air-jet arrangements for 
improving braking friction on wet surfaces. E. N. Harrin. 
N.A.S.A. T.N. D-405. 

An investigation was made on a tyre treadmill to determine 
the effectiveness of two methods of clearing away water ahead 
of a braking wheel in improving braking friction. Measure- 
ments of maximum braking, full-skid braking, and free-roll 
friction coefficients were obtained for both methods while 
operating smooth and diamond-treaded tyres at speeds up to 
93 ft. /sec.—(33.1.2 X 5.3). 


THEORY AND ANALYSIS 


Thermal buckling of a free circular plate. J. P. H. Webber and 
D.S. Houghton. C.o0.A. Note 105. Aug. 1960. 

The buckling of a free circular plate subjected to a tempera- 
ture field. which varies only in the radial direction, is con- 
sidered. The problem is first investigated experimentally and 
the mode of deflection and form of the temperature distribution 
are measured. Exonressions are developed for the thermal 
stresses and the deflection mode of the plate, which are used 
for a theoretical small deflection energy analysis.—(33.2.5.5.9). 


An improved first-approximation theory for thin shells. J. L. 

Sanders. N.A.S.A.T.R. R-24. 1959. 

A theory is derived in which all strains vanish for any rigid- 
y motion in contrast to the results of Love’s theory. Ex- 

pressions for the stress resultants and couples which satisfy 

the homogeneous equilibrium equations are given in terms of 


three stress functions. The special forms of the equations of 
os new — in the case of a circular cylinder are given— 
.2.4.11). 


The effect of structural damping on binary flutter. E. G. Broad. 
bent and M. Williams. R. & M. 3169. 1960. 

An investigation of the effect of structural damping in th 
torsion mode on wing flutter with the object of finding circum. 
stances in which damping reduces the flutter speed is described, 
—(33.2.3.1.5 X 2). 


Important research problems in advanced flight structures 
design—1960. Ed. N. F. Dow. N.A.S.A. T.N. D-518. June 
1960. 

Research problems related to advanced flight structures are 
reviewed to define areas of needed emphasis. These areas ip- 
clude: studies of characteristics of planetary and space environ- 
ments as they relate to structural design; investigations of 
methods of control of the environmental hazards; evaluations 
and developments of advanced structural configurations. 
improvements in methods of structural analysis; and studies 
of materials selection and development.—(33.2 X 21 X 8.2 x 25.4), 


On a method of determining the transient temperature distribu. 
tion in a flat plate with non-uniform surface heating. C. H.]. 
Johnson. A.R.L. Note Me 237. Sept. 1959. 

The transient temperature distribution in a long flat plate, of 
finite width, initially at uniform temperature, suddenly placed 
in a hot constant velocity supersonic gas stream is determined, 
—(33.2.4.5.9). 


TESTING 


An unbonded resistance strain gauge force transducer. E. §. 
Moody and D. R. Denehy. A.R.L. Note S.M. 266. April. 1960. 
An instrument is described which measures force using un- 
bonded electrical resistance strain gauges as the sensing 
elements.—(33.3.1 X 18.1). 


WEIGHT ANALYSIS AND CONTROL see DESIGN AND CONSTRUCTION 


THERMODYNAMICS 


See also AERODYNAMICS—BOUNDARY LAYER 
INTERNAL FLOW 
AIRCRAFT OPERATION 
POWER PLANTS 


A turbine nozzle cascade for cooling studies. Part 1. The 
measurement of mean Nusselt numbers at the blade surface. 
R.1. Hodge. C.P.492. 1960 

A description is given of a cascade tunnel designed and built 
to evaluate various cooling systems for turbine blading. Details 
of the tunnel instrumentation and operating conditions are 
included. Gas to blade surface mean heat transfer coefficients 
have been determined in tests using a special blade. These 
coefficients are related to blade Reynolds number and to the 
hore ratio between gas and blade surface.—(34.4x 


A comparison between the measured and predicted cooling per 
formance of an internally spanwise ventilated turbine nozzle 
blade. R.1. Hodge. C.P. 494. 1960. 

Profile average surface temperature at midspan and overall 
coolant pressure drop have been measured previously in 4 
tunnel examination of a particular air-cooled turbine nozzle 
section. Estimated values are compared with those test results. 
—(34.3.4X 1.5.4.3). 


Graphical presentation of difference solutions for transient 
radial heat conduction in hollow cylinders with heat transfer 
at the inner radius and finite slabs with heat transfer at one 
boundary. J. E. Hatch et al. N.A.S.A. R-56. 1960. : 

Non-dimensional temperature distributions for transient radial 
heat conduction through hollow cylinders and one-dimensional 
heat conduction in slabs of finite thickness are presented in 
graphical form for a range of heat input. The solutions are 
for radial heat conduction with heat transfer at the inner radius 
or slab heat conduction with heat transfer at one boundary. 
In both types of conduction it is assumed that the boundary 
opposite the heat transfer surface is thermally insulated. The 
radial solutions cover a range of dimensionless radius ratios. 
The material is assumed to be homogeneous, and the physical 
properties are considered invariant with temperature.—(34.33 
X 34.3.4 X 1.9.1 X 27.3). 
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VANGUARD 


Before the first Vanguard goes into sche- 
duled service, and little more than a year 
after the first flight tests, development 
has made possible dramatic increases in 
maximum operating weights. Details are 
given in the table below. These improve- 
ments have been achieved for an empty 
weight increase of only 600 lb, and allow 
a margin of 1,600 lb for future develop- 
ment, equipment changes or customers’ 
special requirements. 


PAYLOAD UP BY 8,000 Ih 


Original specification New specification Increase i 

q 

GROSS TAKE-OFF WEIGHT 141,000 lb 146,500 lb 5,500 lb | 
MAX. LANDING WEIGHT 121,000 lb 130,500 Ib 9,500 Ib 

MAX. ‘ZERO FUEL’ WEIGHT 112,500 lb 122,500 lb . 10,000 Ib | 

MAX. PAYLOAD 29,000 lb 37,000 lb 8,000 Ib | 


The Vanguard can now carry 139 economy-class 
passengers plus over 8,000 lb freight. Without 
intermediate refuelling, 100-passenger payloads 
can be carried over such important consecutive 


sectors as London-Frankfurt- Vienna- Prague. 


Operators with profit in mind and air travel 


for all in view, will find the Vanguard is more 
attractive than ever. 
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FOUR ROLLS-ROYCE TYNE PROPELLER-TURBINE ENGINES 
The airliner with the biggest profit potential ever offered to the operator 


Member Company of British Aircraft Corporation 


VICKERS-ARMSTRONGS (AIRCRAFT) LIMITED WEYBRIDGE SURREY 


TCA AT655 
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A meadow— 
of no military significance. 
Not far away a vital military area. 


... PRESTO! 


A convoy arrived 
Thunderbird deployed in less than an hour. 
The defence requirement changed 
Thunderbird moves rapidly to where next needed 
A meadow remains 
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The English Electric THUNDERBIRD is: 
The standard Army A.A. guided weapon 
Completely mobile 

Easily assembled and serviced 

Being developed with C.W. techniques 

to extend low level range and now 

in an advanced stage of development. 


"ENGLISH ELECTRIC 
THUNDERBIRD 


English Electric Aviation Ltd 
Guided Weapons Division Luton - Stevenage - Woomera 


MEMBER COMPANY OF BRITISH AIRCRAFT CORPORATION 


Gw.2% 
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meals per flight 
ON BOAT BOEING 707’s 


prepared in &G.C. equipped twin-galley 


Faster flight times demand quicker than ever meals service on the 
world’s biggest and fastest jetliners. 

To achieve this and to supply 129 passengers with two meals each, 
B.O.A.C.’s new aircraft have two G.E.C. equipped galleys operated 
by a staff of six. 

Each galley has two air-circulation ovens, three hot beverage 
containers and two hotcups. Six course lunches or dinners are 
served, followed by a second lighter meal. 

B.O.A.C. is one of 106 aircraft operators, including Aeroflot, who 
use airborne catering equipment by G.E.C.—by far the world’s 
largest and most experienced suppliers of this type of equipment. 


ELECTRICAL EQUIPMENT FOR AVIATION— in the air—on the ground 


The General Electric Company Limited, Magnet House, Kingsway, London, W.C.2 


..- BRITISH MADE PRODUCTS 
backed by experience from the early flying days. 


Cross made products are produced by an outstanding process used for the 
manufacture of steel coils and rings: Covered by many patents, this manu- 
facturing method has enabled components to be made from wire and with 
superlative accuracy. When top standards are essential you can rely on Cross 
precision products. 


CROSS MANUFACTURING COMPANY (1938) LIMITED 
COMBE DOWN, BATH, SOMERSET. Tel: Combe Down 2355/8. Grams ‘Circle’ Bath 
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We live in exciting times. Man's knowledge has assumed seven league 
boots and leads him across fresh frontiers every day. But new 
territory is fraught with new dangers, many of which can only be 
guessed at. The next stepping stone for our aircraft is the heat barrier. 
Here, as before, complete safety will depend on the reliability of every 
component part used. Unbrako make fasteners for these aircraft 


of tomorrow. We do not rely only on our long experience in this field. 
In our Advanced Design Division, a team of -highly skilled 


— 
— 
= 
— 
= 
= 
= 


engineers are constantly probing and testing, helping us to make 
fasteners that do more than satisfy today’s requirements — 
fasteners with a safe place in the future. 


UNBRAKO A 


Advanced Design Division 


UNBRAKO SOCKET SCREW CO. LTD.-COVENTRY. TEL: 89471. 
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PRECISION 


SPIRAL BEVEL GEARS 
FOR HELICOPTER DRIVES 


Spiral bevel gears are essentially the job for the specialist. Pre- 
cision gears for helicopter and aero-engine drives, and for 
applications such as flying controls, mean gears by E.N.V. 


The example shown is the main rotor drive for the Westlan 
Wessex helicopter. Wheel diameter is 18.9”, shaft angle § 
127°46’ necessitating a concave wheel. Spiral bevel teeth of 
both wheel and pinion are case-hardened and profile-grounj 
to provide the greatest possible accuracy and localised tooth 
contact, which is developed to suit the application. 

E.N.V. precision spiral bevel gears are used in all British and 
many Continental shaft-driven helicopters. 


FOR GEARS 


E.N.V. Engineering Co. Ltd. 
Hythe Road, Willesden, London, N.W.10 
Tel: LADbroke 3622 


AN INTRODUCTION TO THE 
THEORY OF AIRCKAFT STRUCTURES 
D. Williams, D.Sc., M.1.Mech.E., F.R.Ae.S., Deputy Chief Scien- 
tific Officer in the Structures Department of the Royal Aircraft 
Establishment, Farnborough. 

A textbook for students specialising in aeronautics and 
a reference book for practising engineers. 460 pages, 
many illustrations. 60s. net. 


AERODYNAMICS FOR 
ENGINEERING STUDENTS 

E. L. Houghton, B.Sc.(Eng.), A.F.R.Ae.S., A.M.I.Mech., Senior 
Lecturer, and A.E. Brock, M.Sc.(Eng.), A.F.R.Ae.S., Lecturer at 
the Northampton College of Advanced Technology, London. 

A textbook designed to cover the needs of students 
specialising in aeronautics. Starts at the first year level 
and continues to the threshold of advanced aerodynamics. 
448 pages, 250 diagrams. 45s. net. 


AN ELEMENTARY TREATISE ON 
THE MECHANICS OF FLUIDS 

W. J. Duncan, C.B.E., D.Sc., F.R.S., Professor of Aeronautics and 
Fluid Mechanics in the University of Glasgow, Fellow of University 
College, London, A.S. Thom, B.Sc., Ph.D., Senior Lecturer in 
Fluid Mechanics in the University of Glasgow, and A.D. Young, 
M.A., Professor of Aeronautical Engineering at Queen Mary College 
in the University of London. 

A comprehensive text for students, engineers and 
physicists. 720 pages, 250 diagrams, 8 pages of plates. 
70s. net. 


F. W. LANCHESTER 

Dr. P. W. Kingsford, Head of the Department of Social and 
Professional Studies, Hatfield Technical College. 

The book sets out the life and times of F. W. Lanchester 
and his achievements in aeronautical science and auto- 
motive engineering. 256 pages, 16 pages of plates. 


EDWARD ARNOLD 
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BRITAIN’S 
IMPERIAL 
AIR ROUTES 

1918 - 1939 


The story of Britain’s overseas 
airlines by 


DR. ROBIN HIGHAM 


In this book the author gives a general picture 
of the growth of civil air transport from the 
slender experimental beginnings through to the 
formation of Imperial Airways in 1934. 
“A comprehensive work that is a product of many 
years of research.” 
Daily Telegraph. 


Price Forty-two Shillings net. 


Published by: — 

| GT. FOULIS & CO. LTD. 

1-5 Portpool Lane 
London, E.C.1 
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* Fluoroflex’ Flexible Pipes lined with tubing made from ‘ Fluon’ CD 1 in the de Havilland Comet 


PRODUCTION EFFICIENCY 


INDUSTRY 


‘Fluon’ CD 1 is used in ‘Fluoroflex’ Pipes chosen for the Comet 


As a flexible hose lining material 

‘Fluon’ CD 1 is pre-eminent. 

@ Its flexural fatigue characteristics are 
exceptional. 

@ The only chemicals which attack it 
are molten alkali metals and a few 
fluorine compounds at high tempera- 
ture and pressure. 

® It can be used continuously at tem- 
peratures up to 250°C., and retains 
its tough. flexible nature down to at 
least liquid nitrogen temperatures. 


@ Its weathering characteristics are 
excellent and it has an indefinite 
shelf life. 


These are among the many reasons 
why Palmer ‘ Fluorofiex ’ Flexible Pipes 
lined with tube made from ‘Fluon’CD 1 
are being fitted by The de Havilland 
Aircraft Company Limited to Comet 
aircraft. Tests carried out on these 
pipes correspond to 10,000 hrs. life on 
the hydraulic system of the Comet 
4B. 


Fluon’ is the registered trade 
ON ’ mark for the polytetrafluoroethy- 
lene manufactured by I.C.I. 


IMPERIAL CHEMICAL 
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INDUSTRIES LIMITED +-+LONDON 
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* Fluoroflex’ Flexible Pipe made by Palmer Aero Products Ltd., 
London, N.W.8, lined with tubing made from ‘Fluon’ CD 1 p.t.f.e. 
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ivil 


Over one thousand Civil Aircraft powered by Rolls-Royce 
gas turbines have been ordered by 
commercial operators. 


ours overhaul life 


The 3,000 hour overhaul life of the Rolls-Royce Dart prop-jet is the 


highest ever approved for any aero engine. 


hours experience 


Rolls-Royce gas turbines have flown over 14 million hours ROLLS 
in commercial service. This total is increasing at 
the rate of 5 million hours per year. 
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FAMOUS 
AIRLINES * 


USE SHELL OR BP 


Registered Users 


AVIATION SERVICES 


SHELL-MEX AND B.P. LTD, SHELL-MEX HOUSE, STRAND, WC2 


Distributors in the United Kingdom for the Sheli, BP and Eagle Groups 


AVIATION FUELS 
AT 
LONDON AIRPORT 


of Trade Marks 


AER LINGUS AIR FRANCE AIR-INDIA AEROFLOT ALITALIA A.L.A.S. AUSTRIAN 


12 


AIRLINES B.O.A.C. B.E.A. C.A.A. C.S.A, E.A.A.C. EL AL IBERIA IRANIAN 
AIRWAYS IRAQI AIRWAYS ICELAND AIR (Flugfelag Islands) ICELANDIC AIRLINES 
(Loft Leider) L.0.T. M.E.A. OLYMPIC AIRWAYS P.I.A. Q.E.A. SABENA §8.A.A. 
T.C.A, 
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_‘DENSWOOD’ 
2 the Pioneer Laminated = 
= Densified Wood = 


Supplies the means . . 


As an excellent money-saving 
material for tooling-up purposes— 


Press-tools jigs Templates 
Stretcher-blocks 


Spinning Chucks, etc. 


And the ends... 


Its high mechanical strength and 
excellent electrical-insulating and 
chemical-resistant properties have 
resulted in its being used for— 


Electrical Insulators 
Railway Insulation Fishplates 
Silent Gears 


and many other items for the 
Transport, Chemical, Atomic En- 
ergy, and General Engineering 
Industries. 


SPECIFY JABLO ‘DENSWOOD’ 


Chosen for its unsurpassed qualities as the Stan- 
dard Material for the propellers of Hurricanes 
and Spitfires and other famous aircraft. 


JABLO OPERATE A FREE ADVISORY SERVICE 
BACKED BY 30 YEARS’ EXPERIENCE 


JABLO PLASTICS INDUSTRIES 
LIMITED 


The Pioneers of Laminated Plastics 


JABLO WORKS, WADDON, CROYDON, SURREY. Tel.: Croydon 2201 
Telegrams: JABLO CROYDON 
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Comprehensive . . . authoritative . . . 
the first major work of its kind - 


PRINCIPLES 
and PRACTICE 
of AIRCRAFT 
ELECTRICAL 
ENGINEERING 


by H ZEFFERT 


by H. ZEFFERT, A.F.R.Ae.S. 
Assoc.|.E.£., Mem.A.1.£.E., 


Chief Electrical Engineer, 
Vickers-Armstrongs(Aircraft) 
conmicgatit Ltd. With a foreword by 


AIRCRAFT 
ELECTRICAL 
ENGINEERING 


SIR GEORGE EDWARDS, 
C.B.E., B.Sc., Hon.F.R.Ae.S., 
Hon.F.1.A.S., Managing Di- 
rector, Vickers-Armstrongs 
(Aircraft) Led., Executive 
Director (Aircraft), British 
Aircraft Corporation 


This book has been 
written by a practis- 
ing aircraft electrical 
engineer who is a 
leading figure in the 
international _ field. 
Its aim is to survey 


4.20 in detail all the tech- 

nical and installation 

problems encount- 

ered from the initial 

744 project stage till the time the air- 

craft is in operational service, and 

pages in this respect the work is probably 
unique. 

250 It is a comprehensive work, indis- 

li pensable to aircraft electrical design- 

ine ers and maintenance engineers, as 
illustrations well as to students in this field. It’s 


method of presentation, without 
and complex electrical or mathematical 
formulae, will enable engineers in 


circuit other aeronautical engineering fields, 
° I eed all th ed with 
8 plates tenance and operation, to under- 
stand the problems of aircraft 
electrical engineering. 
CONTENTS 
Historical : Climatic and Environmental Conditions : Prime Movers 
and Drives : System Selection : D.C. Generator Systems : Frequency- 
Wild A.C. Systems : Constant-Frequency A.C. Systems : Secondary 
Systems : Batteries : Distribution : Cables : Terminations : Plug and 


Socket Connections : Components : Introduction to Circuit Design and 
Protection : Testing : Engine Equipment and Associated Systems : 
Electrical De-icing Systems : Control of Flying Surfaces : Pressurizing 
and Air Conditioning : Instrument Systems : Avionic Equipment : 
Galley Equipment : Lighting : Organization : Future Trends. 


FROM 
ers GEORGE NEWNESLTD., 

ALL Tower Southampton 

B KS LL RS (leaflet. available on 


request). 


NEWNES 
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SEVEN IMPORTANT NEW TITLES 
AGARD FLIGHT TEST MANUAL 


Second Revised Edition 


Edited by C. D. PERKINS and E. J. DURBIN 
This Edition contains nearly 700 pages of new material including recent advances in the testing techniques 
Set of 4 Volumes £30 net ($100.00) 


BOUNDARY LAYER AND FLOW CONTROL 
—PRINCIPLES AND APPLICATIONS 


Two Volumes Edited by G.V. LACHMANN 


These volumes contain contributions by 38 international authorities and encompass the entire field of 
boundary layer control. Most of the contributions contain information or disclose methods cither 
novel or additive to previous published work. The historical chapter is the most comprehensive report 


that has ever been published. £10 10s. net ($35.00) per set 


ADVANCES IN AERONAUTICAL SCIENCES 


Two Volumes Edited by Th. von KARMAN, A, M. BALLANTYNE, H. BLENK, 
R. R. DEXTER, H. L. DRYDEN and M. ROY 


These volumes contain the papers presented at the First International Congress in the Aeronautical 
Sciences, Madrid, together with the discussions which fatlowed the papers. Some 600 delegates from 
25 countries attended the meeting. There is a full author and subject index. £10 net ($30.00) 


AGARD MULTILINGUAL 
AERONAUTICAL DICTIONARY 


Edited by G. H. FRENOT and A. HOLLOWAY 


This Dictionary has been compiled under the control of the Documentation Committee of the Advisory 
Group for Aeronautical Research and Development, NATO. It contains some 2,000 terms and their 
definitions in 8 languages, divided into 15 sections by subject. The first loose-leaf edition will be com- 
plemented by additions to the existing sections when necessary, as well as by the addition of complete 


£7 net ($20.00) 


RAREFIED GAS DYNAMICS 


— OF THE FIRST INTERNATIONAL SYMPOSIUM HELD AT 
IC. 


Edited by F. M. DEVIENNE 
Papers on design and theory, as well as experimental aspects of the subject, are included. Internationally 
recognised experts from many countries took part. £6 net ($17.50) 


AERONAUTICS AND ASTRONAUTICS 
PROCEEDINGS OF THE DURAND CENTENNIAL CONFERENCE 


Edited by N. J. HOFF and W. G. VINCENTI 


The high standard of the contributions contained in this volume serve as a fine tribute to William 
Frederick Durand, who in his lifetime contributed so much to the foundations of aeronautics and, more 
generally, to the development of scientific engineering. £4 net ($12. 00) 


AVIONICS RESEARCH 
Satellites and Problems of Long Range Detection 


and Tracking 


Edited by E. VV. D. GLAZIER, E. RECHTIN and J. VOGE 


The papers in this volume deal with the detection and tracking of targets at high altitudes and extreme 
ranges, beginning with general radar theory and related researches, and concluding with eight important 

experimental papers on active tracking of satellites (observations by ultra-high-frequency radar) and 
passive tracking (observations of radio signals emitted by sate‘lites). 63s, net ($10.00) 


Please send for fully descriptive leaflets 


PERGAMON PRESS 


Headington Hill Hall, Oxford 4 & 5 Fitzroy Square, London, W.1 
122 East 55th Street, New York 22, N.Y. 
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The P.531 is produced to meet the need for a small turbine-powered helicopter 


of exceptional payload [performance characteristics, and with the ability to land 


wt % and take off from any ship that is equipped with a small landing platform. Many 
Yer landings have been made by day and night, under moderate rough sea conditions, 
Aisne’ and despite considerable deck movement no difficulties have been experienced. 


Powered by the Blackburn A.129 free-turbine engine the P.531 can be used on 
a wide variety of tasks. 

SUBMARINE SEARCH OR STRIKE - AIRBORNE SUPPLY - LIAISON TRAINING - AIR/SEA RESCUE 
CASUALTY EVACUATION - LIGHT FREIGHTER - RECONNAISSANCE 


WESTLAND the great name in HELICOPTERS 


WESTLAND AIRCRAFT LIMITED: YEOVIL: ENGLAND 
incorporating SAUNDERS-ROE DIVISION, BRISTOL HELICOPTER DIVISION and FAIREY AVIATION DIVISION 
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Voltage Reference 


SMALL DIMENSIONS - LARGE DISSIPATION - LOW SLOPE IMPEDANCE 


NEW FROM TEXAS—The 187000 Series—to replace neons and standard 
cells in a wide variety of voltage reference circuits. They allow designers 
maximum flexibility in circuit design of equipment for stable, reliable operation 
at elevated temperatures. SMALL SIZE, standardised hard-glass hermetically- 
sealed case, plus a high degree of reliability make these devices particularly 
suitable for introduction into AUTOMATIC assembly lines. 187000 Series 
Zener Diodes are available in two ranges (5% and 10% tolerance ratings), meet 
CV specifications and may be ordered in PRODUCTION QUANTITIES—NOW. 


Ip 


SLOPE IMPEDANCE 


BREAKDOWN VOLTAGE at 5 mA (V2) 
REVERSE CHARACTERISTIC TYPICAL SLOPE IMPEDANCE 


Write for Data Sheets and Application Information on these and other TEXAS devices. 


TEXAS INSTRUMENTS 


DALLAS ROAD BEDFORD ENGLAND 
BEDFORD 68051 CABLES: TEXINLIM: BEDFORD 
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Lifting Power of Air Propellers 


In the design of suitable lifting propellers for aeronautical purposes, there are many practical and 
theoretical points to be considered. Taking into consideration the weight of the propeller, there is a 
particular thrust per h.p. which will give the highest efficiency . . . . It is clear that the thrust and h.p. 
can be approximately arrived at for any particular speed. | For instance, to drive propeller E at 100 
revolutions per minute it would require about 100 b.h.p. and give a thrust of 1,125 pounds. 

.... propeller E, at 45 revolutions per minute, gave a thrust of 240 lbs. with 14 LH.P., or at 17:1 
Ibs. per ILH.P. Now this figure can be considerably improved: 


(1) By reducing the skin friction of the surface. 
(2) By reducing the resistance of the blade structure. 


TABLE V. 
| PROPELLER E. DATE OF EXPERIMENT: OCTOBER 20tTH, 1899. 
4 WIDE BLADES. AREA, 350 SQUARE FEET. ANGLE OF BLADES, 21 DEGREES. 


Revolutions of Propeller per | | | | | 
minute 20 | 25 30 | 35 | 40 | 45 | 50 55 60 


Tip Speed in feet per minute | 1,880 2,350 2,820 | 3,290 3,760 4.230 | 4,700 5,170 5,640 
Thrust in Pounds | 55 77 | 104 | 136 | 179 | 240 | 280 | 340 | 405 
1.H.P. | 626 42 | 6:3 | 9°6 14:0 23°3 | 32:0 
| B.H.P. | “4 | 27 43 67 | 98 | 135 | 163 #| 230 
Thrust per B.H.P. ... ...| 150 | 31:7 | 266 | 24-4 21°4 209 | 18:0 
Thrust per I.H.P. | 52°4 296 | 249 | 186 «17:1 15-0 14-6 | 12°6 
H.P. Friction of Unloaded | | 
| @-) 2:1 23 | 26 
TABLE VIII. 
PROPELLER E. DATE OF EXPERIMENT: OCTOBER 20TH, 1899. 
AIR READINGS. 
4 Wipe BLapEs. AREA, 350 SQUARE FEET. ANGLE OF BLADES, 21 DEGREES. AIR DISCHARGED PER 
MINUTE, 363,144 CUBIC FEET. REVOLUTIONS PER MINUTE, 324. THRUST, 120 POUNDs. 
INDICATED Horse POwER, 5°8. 
SS 2 ere 2 4 6 8 10 12 14 16 
Velocity of Air per minute... 155 209 363 561 657 724 426 34 


From “ Lifting Power of Air Propellers, being Experiments with Propellers 30 ft. in 
Diameter,” by William George Walker, A.M.I.C.E., M.1.M.E., “The Aéronautical 
Journal,” Volume IV, No. 16, October 1900. 


The 23 Annual Reports of ‘= *<:onautical Society, covering the years 1866-1893, and the early 
volumes of “The Aéronautica! Journal” which succeeded the Reports, are contemporary records 
which must ever remz2in an izuportant source of aeronautical information which is not given to the same 
extent elsewhere. 


These rare volumes, for many years virtually unobtainable, are now, with the full co-operation of the 
Royal Aeronautical Society, again available in a facsimile reprint which itself is likely to become rare as 
interest in aeronautical history grows. 


The 23 Annual Reports 1866-1893 in four volumes, £50. 


The first 15 volumes of ‘‘ The Aéronautical Journal” 1897-1911 in five 
volumes, £67 10s. 0d. 


PETER MURRAY HILL (PUBLISHERS) LTD. 
73 SLOANE AVENUE, CHELSEA, LONDON, S.W.3 
Telephone : KNightsbridge 4381/2 
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APPOINTMENTS 


NORTHAMPTON COLLEGE OF ADVANCED 
TECHNOLOGY 
St. John Street, London, E.C.1 


The DEPARTMENT OF AERONAUTICAL ENGINEER- 
ING invites applications for Lectureship in aerodynamics and 
Assistant Lectureship in aerodynamics or aero/space propul- 
sion, to engage in B.Sc., Dip.Tech. and postgraduate courses 
and in research. 

Salary scales: Lecturer, £1,408 rising to £1,601. 

Assistant Lecturer, £858 rising to £1,321. 

Particulars and forms of application are obtainable from 

the Secretary of the College. 


UNIVERSITY OF SYDNEY 
Senior Lectureship and Lectureship/Senior Lectureship in 
Aeronautical Engineering 


Applications are invited for the above mentioned positions. 
In each case the successful applicant will be required to lec- 
ture in Aerodynamics and to avail himself of the excellent 
opportunities for research. 

The salary for a Senior Lecturer is within the range of 
£A2,550 x 95—£A3,000 per annum; for a Lecturer within the 
range £A1,730x 105—£A2,435 per annum. In each case cost 
of living adjustments will be allowed. The salary is subject 
to deductions under the State Superannuation Act. The com- 
mencing salary will be fixed according to the qualifications and 
experience of the successful applicant. 

Under the Staff Members’ Housing Scheme in cases 
approved by the University and its Bankers, married men may 
be assisted by loans to purchase a house. 

Further particulars and information as to the method of 
application may be obtained from the Secretary, Association 
of Universities of the British Commonwealth, 36 Gordon 
Square, London, W.C.1. 

Applications close, in Australia and London, on 3ist 

ber, 1960. 


THE POLYTECHNIC, 309 Regent Street, W.1 
Department of Civil and Mechanical Engineering 


Applications are invited for a post as LECTURER, duties 
to begin on Ist January 1961. Candidates should be qualified 
both academically and by industrial experience to lecture on 
Mechanical Engineering subjects to students preparing for the 
B.Sc.(Eng.) and the College Diploma. 

The salary scale commences at £1,370, rising by annual 
increments of £35 to a maximum of £1,550, plus London 
allowance of £38 or £51, per annum, 

Further details and a form of application, which should 
be returned as soon as possible, may be obtained from the 


undersigned. 
J. E. RICHARDSON, 
Director of Education. 


Semi-displayed advertisements for inclusion in this section are 
charged at £4 4s. Od. per single column inch. Small advertisements 
less than® 1” without display are charged at 12/6d. per line. 
Ordinary displayed advertisements are charged at full display rates. 


Box Numbers—1/- extra. Replies should be addressed to: Box 000, 
care of THE Journal of the Royal Aeronautical Society, Oxford 
House, 15 Crosswall, London E.C.3. 


Remittances—Cheques and postal orders should be made payable to 
THE Journal of the Royal Aeronautical Society, Oxford House, 15 
Crosswall, London E.C.3. 


The Society reserves the right to decline any copv or advertisement 
at its discretion and accepts no responsibility for delay in 
Publication or for clerical or printer’s errors, although every care is 
taken to avoid mistakes. 


Orders and copy should be sent to the Advertisement Offices. THE 
JouRNAL of the Royal Aeronautical Society, Oxford House, 15 
Crosswall, London E.C.3 by the 10th of the preceding month. 


Blackburn 


offer 
interesting and progressive careers to 
Designers and Technicians in the 
Aircraft and Gas Turbine industries. 
If you are an A.F.R.Ae.S. or possess 
an equivalent qualification, 


please write to: The Technical Staff Manager 
BLACKBURN AIRCRAFT LIMITED 
BROUGH, EAST YORKSHIRE G106/a 


NORTHAMPTON COLLEGE OF ADVANCED 
TECHNOLOGY 
St. John Street, London, E.C.1 


The Governing Body invites applications for READERSHIP 
in fluid mechanics or aero/space propulsion, with high academic 
qualifications and research or industrial experience. 

The vacancy arises from the expansion of the Department 
of Aeronautical Engineering in University and Dip. Tech. 
degree work. 

Salary scale £1,838 rising to £2,151. 

Particulars and forms of application may be obtained from 
the Secretary of the College. 


TRADE MARKS SECTION 


AIRCRAFT MATERIALS LTD. 


STRUCTURAL MATERIALS 
and COMPONENTS 
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ASSOCIATED ELECTRICAL INDUSTRIES LTD 


ELECTRICAL EQUIPMENT 


for Aircraft 


Associated Electrical Industries Ltd. 
Aircraft Equipment Group 
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BOULTON PAUL AIRCRAFT LTD 


K.L.C. SPARKING PLUGS LTD. 


KLG 


SPARKING PLUGS AND 
IGNITION EQUIPMENT 


THE AVIATION SERVICE OF BRITISH PETROLEUM 


AIR 


LIGHT-METAL FORGINGS LTD 


THE BRITISH REFRASIL DIVISION OF 
DARCHEM ENGINEERING LTD. 


LIGHTWEIGHT, HIGH TEMPERATURE INSULATION 


ELECTRO-HYDRAULICS LTD 


LIMITED 


LIVERPOOL ROAD, WARRINGTON 


HUNTING AIRCRAFT LTD. 


LOCKHEED PRECISION PRODUCTS LTD. 


JOSEPH LUCAS (GAS TURBINE EQUIPMENT) LTD. 


ILUCAS 


ROTAX LTD. 


ROTAX 


AIRCRAFT ELECTRICAL ENGINEERS 


KELVIN & HUGHES (AVIATION) LTD. 


(HENRY HUGHES & SON LTD. 
KELVIN, BOTTOMLEY & BAIRD LTD.) 
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SMITHS AIRCRAFT INSTRUMENTS LTD. 


SMITHS 


SMITHS AIRCRAFT INSTRUMENTS LTD. 


THE UNITED STEEL COMPANIES L1p 


“RED FOX” 


HEAT RESISTING 


STEELS 


S. FOX & CO. LTD. SHEFFIELD 
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41 Maddox Street, London W.1. Mayfair 2601 
ASSOCIATED ELECTRICAL INDUSTRIES LTD. 
Lower Ford Street, Coventry. Coventry 64181 


AUTAIR LTD. 
75 Wigmore Street, London W.1. Welbeck 1131 
AUTONETICS (NORTH AMERICAN AVIATION, INC.) 
Downey, California, U.S.A. 
European Office: 29 Rue Coulouvreniere. 
Geneva, Switzerland. 
BLACKBURN ines Ltp. 

Head Office: Brough, E. Yorks. Brough 121 
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BLACKHEATH STAMPINGS Co. LTD. 
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BLOCK LETTERS PLEASE 


FREE COPY FOR YOU #8882582 


TO ROLLS HOUSE PUBLISHING CO. LTD., 2 BREAMS BUILDINGS, LONDON, E.C.4 
Please send me a specimen copy of AIR PICTORIAL for which | enclose 6d. in stamps 


army 


AIR PICTORIAL 


Is the Journal of the Air League. 
It aims not only to present the views of the Air League 
from time to time, but also to present 
an interesting general survey of 
Aircraft and aviation activities. 


AIR PICTORIAL 


is not a technical paper. Nevertheless we try to 
make it acceptable and interesting to those 
engaged in the Industry. In addition 
we hope to interest the younger generation 
by publishing reports and pictures of 
aircraft of historic interest, as well as 
modern light aircraft and sailplanes. 
If you would like to know more about 


AIR PICTORIAL 


we should be glad to send you 
a free specimen copy. 


for postage and packing 


AS. 
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